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FOREWORD

This review of the field of adaptive training (AT) was done as :~

part of a research program being conducted at the Aviation Research

Laboratory, University of Illinois , sponsored by the Air Force Office

of Scientific Research. The review has two aims ; the first is to

[ assess AT as a method for teaching control skills, and the second is

to establish a conceptual framework that will allow a detailed analy—

sis of adaptive manipulations and their influence on skill acquisition .
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I

INTRODUC TION

[
Adaptive training (AT) is a procedure in which the training

schedule is individualized by varying task difficulty through .i g raded

- series of steps at a rate that  is related to the trainee ’s speed of

lea rning . A demanding task is initially simp l i f ied  in soiie man ner ,

I and the trainee’s performance is monitored so that task difficulty can

be gradually increased as he develops proficiency. AT is based on the

I intuitively appealing assumption that a demanding task can be learned

more efficiently If it is presented throughout training at a level of

difficulty that is optimally matched to each individual ’s current

[ ability (Kelley , 1969 b).

Individualized training schedules can be justified theoretically

I by the widespread evidence of substantial individual differences in

• ability and rates of learning (Fleishman , 1967). The use of task

simplification , as an aid to learning is supported by the view among

motor skill theorists, that complex skills are composed of simple

skills (Fitts and Posner , 1967). The continuous match of task diffi—

I culty with the trainees concurrent level of skill (Kelley, 1969 b),

or his orderly progress through a series of subtasks that are graded

in complexity (Gaines, 1967) should therefore provide a more ~fficlent

I training experience then the traditional fixed task methods (FT).

From a technical viewpoint , adaptive procedures are becom i ng more

I feasible as a result of the considerable advance In  mini and mi cro

computer technology. In the new generation of computer-supported

‘ 
_ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _  
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systems, computer algorithm s that process information about the

I operator ’s behavior can directl y affect the nature of the man—machine

interaction . Thus real time automated applications and complex , in—

f dividualized tralaing systems are becoming more economical and easier

-~ to implement .  The human fac tors community recognized the p o t en t i a l

L value of computer supported systems in the f ie ld  of t r a i n i n g  a l m o s t

two decades ago (Hudson, 1962). SInce then AT has been invest i gated

by human factor specialists , primarily as a means of facilit ating the

acquisition of ~r&~~ptual motor skill s .

The bulk of AT research has been conducted with a dominant applied

It orientation and with a strong aviation bias. Most of the influential

E 
experiments have been reported in establishment publications and have

rarely been published in scientific journals. The dominant applied

• orientation has produced a substantial body of data , but little system—

• 

-
~ atic theorizing about the process of skill acquisition under the adap-

t.. tive paradigm , and meager discussion about the relationshi p of those

data to other theoretical conceptions about skill acquisition . As a

result, the work on AT has hitherto failed to produce a comprehensive

f review of research or a critical evaluation of the concept. rn view

of the fact that AT systems have been designed into some aircraft

I simulators (Caro, 1969), presumably at some added expense, a compre—

I 
hensive review of the research seems overdue. ~ir review represents

an effort to correct this deficiency by describing the basic AT pam —

I diga, describing and evaluating the research , and establishing a ~~~ •

systematic framework to guide future research.

I
I

— .•
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L In describing and evaluating the research we have initiall y

1 emphasized the pragmatic implications of the data by concentrating on

criteria such as training time, transfer of training, and training

costs, as is consistent with the tendency demonstrated in published

reports of research. Nevertheless the experimental data , in addit ion

to reflecting on the training effectiveness of adaptive techniques ,

could inform us about the process of skill acquistion . A better under-

standing of this process, whether gained from AT or other research , is

likely to contribute to impioved methods of skill training. The review

addresses this aspect in part by drawing on AT and other motor skill

theory and data to determine the influence of various features of the

j adaptive paradigm on the developing motor skill. Thus our review has

two aims: the first is to assess AT as a method for teaching control

skills, and the second is to establish a conceptual framework that

E 
will allow a detailed analysis of adaptive manipulations and their In—

• fluence on skill acquisition.

I
I

I

II
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f

• FEATURES OF THE ADAPTIVE TRAINING PARADIGM

Adaptive training incorporates a closed loop system in which task

difficulty is automatically adjusted in relation to some index of stu-

dent performance. The adaptive variable is the task feature that Is

adjusted to change the difficulty, and its value reflects the trainee ’s

current performance level. A computer algorithm determines the adap-

tive variable ’s relationship to student performance so that , as the

trainee improves, task difficulty increases to maintain the index of

performance within predetermined limits. The amount of learning is

• operationally defined by the change in the adaptive variable. The cond i-

tions of training are operationally defined in the computer algorithm

which specifies the nature and range of the adaptive variable , the

limits of the performance index , the period over which performance Is

averaged to provide an index for adjusting the task difficulty, and the

number and size of steps in difficulty.

All of the AT experiments to be reviewed examined the acquisition

of tracking skills. Tracking behavior has been extensively investigated

both in human factors laboratories and in operational situations . Corn—

prehensive discussions of tracking behavior by Adams (1961), Frost

(1972), Pew (1974), Poulton (1974), and Sheridan and Ferrel (1974) are

available. The schematic diagram of a typical tracking task In figure 1

shows the Imnortant features of operationa l and svn t het h- laboratory

tracking systems. Tn any tracking task the operator must f o l l o w  a

representation of a forcing function by manipu lfling i control me h ini’,m

I

_ _ _ _ _ _ _ _  
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The c~ontrol mechanism generates an output signal that affects the be-

havior of the system , as can a random disturbance applied directly

to the system. The difference between the system output and the  forcing

function is the ,tracking error which is, for opera tional sys tems , the

discrepancy between the actual system track and the track defined by

the f orcing func tion , and for synthetic systems , the discrepancy be—

[ tween a controlled cursor that represents system output and a target

cursor that represents the forcing function . Although AT seems rele—

i. vant to many skilled behaviors , the exclusive emphasis on tracking

is consistent with a predominant interest , among huma n factor a n e c i a l —

ists , in vehicular con.trol behavior.

f The general experimental paradigm for comparing adaptive and non-

adap t ive me thods includes a con trol group and one or more exper imenta l

groups. The control subjects experience a non—adaptive schedule in

- which they practice a criterion task throughout training. The experi-

men tal subjects first practice a relatively simple task which adapts

towards the more demanding criterion task as the sub jects become more

skilled . In some experimen tal designs, control and experimental

•
~ 

subjects transfer to a fixed task on which their skill is assessed .

Forcing function parameters , system characterist cs , and d isp lay

characteristics have been used as adaptive variables. The effective—

I ness of AT has been judged on the basis of indices such as amount  of

learning in a given time , skill retention over an extended period ,

• [ the time taken to learn specified skills , and t ran sfer  of sk i l l  to .•

similar tasks. From the results of the experiments followi ng thisI H
II 

_ _ _ _ _  _ _  _ _  _ _. _ _ _
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paradi gm many experimenters have concluded tha t adaptive training is

superior to fixed training (Caro, 1969; Hudson , 1962 , 1964; Kelle v ,

1969 b; Loves, Ellis , Norman and Matheny, 1968: Norman , 1973) . A

following section of this review will evaluate the AT research in

order to assess whether confidence in the effectiveness of AT is well

founded .

In discussing the research , it has been necessary to re - nc ile

the different terms that have been used for similar adaptiv e mani pu-

lations. Where confusion mig ht arise the terminology used by Frost

F 
(1972) and Wickens (1976) has been accepted heca~ se it is svstema ti (

and is consistent with general usage .

F Adaptive manipulations can be usefully classified as perceptua l ,

response , or feedback variabl es. Perceptual mani pulations are those

resu l t ing f rom changes in forc ing  function or disturbance inp ut s.

Any transformations on the forcing function or disturbance Inputs will

be paralleled by similar transformations in the displayed input. An

operator who is performing efficiently can maintain his performance

in the face of such inpu t va r iations by app lying the transformation

perceived in the disp layed information to his own control behavior .

Response manipulations are changes in system dynami cs. Alth ough the

required transformations between old and new control behavior ire on-

[ ambiguously defined by the changes in system dynamics they are , in

c o n t r a s t  to those r e s u l t i n g  from f o r c i n g  f u n c t i o n  or d ist u r b a nce  m a n i —

[ pulations , not directly represented in the display. In p a r t i c u l a r ,

similar patterns of d i sp layed i n f o r m a t i o n  w i l l  r e q u i re  q u I t ~ d i f f e r e n t
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response patterns . For feedback variables , inputs and system dynamics

are unchanged , and varia tions in the quali ty of the d isp layed inf orma t ion

are used to adjust task difficulty.

Response Variables

(1) System order refers to the transformation between control dis-

placemen t and the subsequen t disp lacemen t of the control led

cursor. A zero order (position) system is one in which a step

con trol displac emen t is transf ormed in to a step displa cemen t

at system output. In a first order (velocity) system , a

similar control displacement will change sYstem outpu t at a

constan t rate, and in a second order (acceleration) system ,

L at a constant acceleration. A third order system that con—

stantly accelerates (jerks) the sytem output in response to a

step control displacement , is the highest order tha t has been

used in AT. Human operators find tracking more diff icult as

the order of the system is raised .

System order can be changed in discrete steps , or can he

varied continuously by changing the ra tio of higher to lower

order components. It has been adapted in six experiments

) (Bri ggs , 1961 : Crooks, 1973; Gophe r , W i l l iges , Willige s and

flamos , 1975; Hudson , 1962 , 1964; Norman , Loves and Matheny,

1972). Manipulations of system order are often referred to as

either aiding or quickening. The Im p o r t a n t  t e c h n i c a l  d i s t i n c —

t ion bet ween q u i c k e n i n g  a uid a I I i ng , a ; a pci I I od t o ,ip . rat I otia I

systems , becomes t r i v i a l  when appl led t~ svnthv t ft svot ems.

A synthetic system is termed as a aided I f  d i s p l a y e d  error

___ _  -• -
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is recorded , but as quickened if system error is recorded

(Norman et al., 1972) . As these two ind ices of error ar e

almost certainly highl y correlated in a synthetic system , aid—

I ing and quickening will be considered in the discussion of

system order.

(2) System lag is measured by the delay of a perceptible system

I 
response to control inputs. Tracking becomes more difficult

as lag Increases (Poul ton , 1974). A decrease in diffic ult y

with increasing lag , observed by Rockway (1954) has been explain-

ed by Poulton (1974) as a range affect. Lag has been adapted

in two experiments (Norman , 1973; Norman et al,,, 1972),  hut, on

both occasions , only  a f t e r  i n i t i a l  increases in task d i f f i cu l ty

had been achieved by adapting gain. This procedure was suggested

by Matheny and Norman (1968) who observed that  short  lags facili—

• tate skill acquisition and that task difficulty is directly pro—

— portional to gain. They recommended an adaptive mani pulation

that initially maintained lag at some small value while task

difficulty was increased by increasing gain to it s cr iterion

• I.! value. After that had been accomplished , lag could be increased

towards its criterion value to further increase task difficulty.

- (3) System gain is defined as the ratio of displacement in system

I output to control displacement .  The relationship of gain to

d i f f i c u l t y  is non—monoton ic  in t h a t  both high and low g a i n

I systems can be more d i f f i c u l t  t o  use thai) medium g a i n  sys tems.

High gain system s require fine adjustments , while performance • .

_ _ _  _ _ _ _ _ _  - - 
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I
I 

with low gain systems can be limited by the maximum force or

displacement the operator can achieve . Gain has been adapted

I 
in four experiments (Gopher et al . ,  1975; Hudson , 1964 ; Norman ,

1973; Norma n et al . ,  1972), and in a l l of them , difficulty has

I been increased by increasing gain . Two of the gain m a n i p u l a t  i ons

I 
(Norma n , 1973; Norma n et a l . ,  1972) have been made in c o n lu n et l o n

with manipula t ions in system lag.

I 
(4 ) System stabi l i ty describes the tendency of a system to achieve

or regain equilibrium. A system is stable if a small temporary

I input causes only a temporary change in output .  The p roper ty

of stability (or ins tabi l i ty)  is a consequence of the presence

I of a feedback loop — with positive feedback systems tending to

r • be more unstable then negative feedback systems. Unstable

- systems are d i f f i c u l t  to control , and normally yield poor track—

ing performance (Wickens , 1976) . This variable has been adapt-

ed in two experiments (Hudson , 1964 ; Bancroft and Duva , 1969).

[ (5) Damping ratio refers to the attenuation of a second order

system ’s response to its resonant frequencies . High damping

ratios produce a sluggish system , and low damping ratios pro—

[ duce an unstable system , bot h of which are d i f f i c u l t  to t rack .

Gaines (1967), who reduced damping ratio from an in~~ rmed ’late

[ to a low valu e to increase task difficulty, is the only In vest !—

gator to adapt this variable.
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Perceptual Va r iables

(1) Forcing func t ion ampl i tude  r e f er s  t o  the ampliti’de of th e random

or random appearing dis turbance app d .it the s y s t e m  Input.

- Increases in this variable incr , Ist any or all of disp lacement ,

velocity,  and a c c e l e r a t i o n  ~f the ti r ~; tt , and thus in reasi

t racking difficulty . It has been adapted iii five experiments

(Gaines , 1967; Kelley, 1966; Lowes e’ a]., 1968; Norman et al.,

1972; Wo od , 1969) .

(2 ) Forcing f unction bandwidth r e fe r s  to the range between the

lower and the upper c u t — o f f  f requencies  contained in the  rand om

• appearing disturbance applied at the system i n p u t .  Increases

in this var iable in crease tracking difficult y . Tt has been

adapted in two experiments (Gopher et al., 1975; Williges and

Williges , 1976).

Feedback Variables

• (1) Intrinsic information about the effects of responses can be

1 supplemented with ar tificial cues that ar e mor e informa t ive.

Such augmenting cues can simplify a contro l task (Armstrong,

1970 b; Eisele, Williges, and Roscoe, 1977; Smith , Pence , Queen

and Wulfeck, 1974) and can therefore define a dimension of diffi-

culty. Augmenting cues that are programed to be available only

when control errors exceed a certain criterion are inherently

~ adaptive in tha t, as the subject Improves , he obtainu less

assistance from them . Severa l studies (Gilson and Vent ola , 1976;

!1I
_ _ _ _ _ _  — -~~~~~~~~~~~~ _  _
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Gordon and Gottlieb , 1967; Smith , et a l . ,  Willia ms and Briggs ,

1962) have tested augmented feedback that is inherent 1~’ adap-

tive.

In order to judge the efficiency of AT, it is necessary to estab-

lish relevant and comparable criteria for the several experimental design

variations that have been used. The simplest design is one In which

subjects learn a task by practicing it in an adaptive or a fixed mode.

Training efficiency is assessed by comparing performance levels after a

j pre—determined period of tra ining or by comparing amounts of training

needed for groups to achieve a performance exit criterion .

In the more comon transfer of training design subjects generall y

transfer to a fixed task after experience with either an adaptive or a

fixed pre—transfer task. This design is analogous to the s i t u a t i o n  In

f which operator s learn in a simulator that permits adaptive manipu la—

tions, and then transfer to the operational sys tem in which adaptive

I. manipulations are not feasible. For experiments in which pre—transfer

training is equal for all groups, training efficiency can be assessed

by examining performance levels after a set amount of experience with

the transfer task, or by comparing trials to criterio~ on the transfer

I 
task. Data from an alternate design in which subjects practice the

pre—transfer task to exit criterion produce results that are difficult

I to interpret because amounts of pre—transfer training invariably differ

between groups: amount and conditions of pre—transfer training are

f therefore confounded . It Is possible however , to unronlound LIcse two
~~~ ~~,3 -

I
I 

_  
— -- _ _ _ _ _ _ _ _ _ _• —•- • -_- -_-_
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I factors  by examining total  p re—trans fe r  and t ransfer  t raining required

to exit from the transfer task.

I
I

I
- Ii.

I

• -~ ~• —- — ---
~~~~~-——---- ~~~~~~~~~ -
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RESEARCH

F
Although this review draws only from the litera ture on adaptive

t r a in ing , the similarity between AT and the better established pro-

grammed instruction technique was recognized . In fact the principles

- of AT are so similar to those of programed instruc t ion that there is

no apparent useful distinction between the two methods (Roscoe, 1974).

The distinction that AT is specific to perceptua l and motor skills

while programmed instruction Is specific to cognitive skills (Wood ,

- in McGrath & HarrIs, 1971), does not conform to common usage . Pro—

granmied instruction has been used to teach perceptua l skills (Swets ,

I MilIman, Fletcher and Green , 1962; Moore and Goldianiond , 1964) and

AT has been used to teach cognitive skills (Walter , R ivers , K ing and

Hansen , 1970). The distinction therefore seems artificial and Is

- undesirable because it could discourage investigators preferring either

• • term from taking account of relevant theory and research generated by -

- investigators preferring the alternate term . Nevertheless , a search

of the programed instruction literature failed to reveal any relevant

motor skill research. Thus only experiments from tl’e l i t e r a tu re  on

AT are included in the review.

The AT studies using response and perceptual variables have been

I grouped together in the discussion of research becau se some of the

studies manipulated both types of variables. It was not possible to

I further subgroup these studies in terms of common experimental charac-

teristica. In lieu of a more appropriate classification , we first

p 4 ; :  I



presen t the early studies in chronological order. These studies ,

which were undertaken in various l abora to r ies , e s t a b l i s h e d  the research

interest  in AT. Since 1969 the research invo lv ing  response ;iri d per—

ceptual manipulations has been centered in two groups: Norman and

his associates , and the Aviation Research Laboratory at the U n i v e r s i t y

- of I l l inois .  The work from each of these groups is presented as a

I 
separate body of research. Work with feedback variables is des c r i b e d

after the section describing the tests of response and percepti al

I manipulations.

Response and Perceptual Variables

An investigation of tracking skills by Briggs (1961 ) provided

- some impetuE for AT research. Procedures developed in that experiment

and the results obtained influenced the design and dir ection of ln t’ r

experiments. In Brigga’ experiment , groups of subjects who learned

L a one—dimensional second—order tracking task by first practicing a

zero—order and then a first—order task, were compared to a control
t4
1 group that practiced only the second—order task. The experimental

groups transferred to a higher—order task when they reduced their

tracking error to a specified value. Briggs compared the error

scores of the control and experimental groups on successive trials ,

starting at each group ’s first trial on the second—order task . There

were no long term differences between groups although experimental

I 
groups showed an early hut I ernIs~r.iry s. .pert ~o i t  v , ‘ver ( lie , ‘ I t  tel

group. Brigga concluded that experience with the l ower—order tasks

~ I 
had facilitsted the acquisition of the second—order task .

_ _ _ _ _ _ _ _  

_  _ _I:
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The benefit of experience with a lower—order task was slight. The

advantage shown by the experimental groups over the control group dis-

appeared after eight 30—second trials. Purtherniore , t ie experimental

groups were given at least ten 30—second practice trials more than the

control group at each point of comparis n. A relevant test of AT would

compare the groups when they had experienced equal amounts of tracking

practice. Such comparison shows that the initial advantage lay with the

control group. Nevertheless, a subsequent discussion of these data

I (Hud son , 1964) has erroneously established this experiment as one tha t

- 
demonstrates an advantage for AT.

I Hudson (1962, 1964) has reported two investigations of AT. In the

f i r st st udy he compared the performance of two adaptively trained groups
- 

to a non—adaptively trained control group. The experimental groups

practiced a two—dimensional compensatory tracking task in which diff i-

culty was adapted by varying the percentage of f i r s t , second , and third

L order components. The time constant, defined for the adaptive tasks as the

in te rval over which tracking err or was integ rated~ differed for the two

experimental groups. The control group practiced a fixed third—order version

of the same tracking task. All groups were allowed nine 20—minute train—

ing sessions. After every training session, each group was tested for

I. f ive minutes on the fixed third—order task that  the control group had

E 
practiced . The experimental group with the longest time constant exhibited

lower error scores during the test sessions t han e i ther  of the othe r two

I groups. From these data , Hudson (1962) concluded tha t  some adapt iv e ’  

-~~~~~~~~~~ 
___ -

~ 
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manipulation s are more efficient than the traditiona l I ix’ d difficulty

manipulat ions .

The conc lus ions  to be drawn f rom these data  are weakened by doubts

about the experimental method . The tracking system was so unstable that
L

the moving cursor could d i sappear  f rom the screen if the sub jec t  lost

1 contro l of i t .  When this occurred the experimenter would reset the

cu rsor for  the subject  to continue tracking. Hudson ( 1962)  did not

renort how long the cursor would remain o f f  the screen , no r whether  the

periods during whi ch the subject  wait ’~d fo r its re turn  were a p ar t  of

the 20 minute practice. Control subjects who practiced the most diff i—

cul t  task would p resumably have los control  more f r e q u e n t l y  d u r i n g

t ra in ing tha n experimental subjects.  If out of contro l t ime was included

in the pract ice  time , con t ro l  subjects may have had s u f f i c i e n t l y  less

experience at tracking to account for the performance difference between

the control  group and the best experimental  group. Furthermore , Gopher

I ~ and Wic kens (1975) have suggested tha t  the d i scon tinu lt i e s  associated

with  the disappea rance of the cursor during loss of contro l can d i s rupt

t racking performance.  Either or both of these fac to r s  would explain the

performance advantage shown by the best adaptive group.

In a similarly designed experiment Hudson (1964) used the same

appa ratus  to compare six adaptively t r a ined  groups w i t h  one n o n — a d a p t i v e l y

trained group. The experimental groups practiced a tracking task in

which either system order , gain , or s t a b i l i t y  was adapted e i t her  auto— -
t 

statically or was changed manuall y by the experimenter. The control group

practiced a third—order tracking task. After a pre—detenulned training
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period , all subjects were tested on the third—order task that had been

used for training the control group.

Performance during test trials was related to the difficult y of the

training task , where d i f f icul ty was a fun ct ion of the number o f t imes

the subject lost control of the tracking system during the training

period . The Groups tha t experienced the med ium difficulty training task

perfo rmed best .  Some of the di 1ferences were statisti cally rel iable.

Al though Hudson (196 4) again seems to have demons t ra te  I t ha t  some ad ap—

tive m a n i p u l a t i o n s  a re more efficient than non—adaptive manipulations ,

- the confounding effects of frequent control losses detrac t from the value

of the result. Thus Hudson ’s (1962, 1964) research has not provided the

substantial support for the application of AT that it mi ght , at a pre-

liminary reading , appear to.

1 The nex t experiment to be discussed was reported by Kelley (1966)

who has been a leading advocate for AT (Kelley, 1969 b; McGrath and

Harris , 19 71). Amplitude of the forc ing  func t ion  was chosen as the

F adaptive var iab le .  In th i s  experiment , two sub jec t s  were a l t e r n a t e l y

given adaptive and non—adaptive trials on a two—d imensional , second-

order t r acking task , so tha t it was not possible to compare adaptive and

non—adapti ve training at any stage . Kelley recognized tha t  t h i  exp eri-

L ment was l imited in this regard :

f 
“These data  say no th ing  abou t the e f fec t iveness

of adapti ve t r a i n i n g  compared w i t h  f ixed t ra in-
ing .” (Kelley, in McGrath and Harris , 1971 , •

p. 10)

I He never theless  used t h i s  experimen t to supp ort .  h i s  cont idi n’- , in ( l i e

I value of adaptive training (Kelley , 1 969 h). The data demonstrated a

!. 
~~~~~~~~

•
~~~~~~~~~~~~~~~~
_  _ _



—19—

l inear increase in per formance  fo r  adapt ive t r i a l s  and a c u r v i l in e a r

increase for non—adaptive trIals. Because the suhiects alternated be-

tween adap t ive  and fixed trials the comparison is mereLy one of two

methods of measur ing the same level of proficiency. Kellev (1969 b)

apparently assumes tha t  learning is a linear process a nd a measure t h a t

exhibits a l inear increase is therefore more appropriate . However both

types of measures could conceivably be useful in different circumstances.

The strength of Kelley ’s adaptive measure of performai ce lies in its

demonstrated reduced variability in comparison to the conventional

measure (Kelley , 1969a). The potential of the adaptive measure to

reliably discriminate small performance differences could be useful in

many t r a in ing  and tes t ing app l ica t ions .  Nevertheless , t h i s  argument  has

l i t t l e  to do wi th  the evalua t ion  of adapt ive  t r a i n i n g  and Ke l l ey ’s experi-

ment has not demonstrated any training advantages for the method .

The first (lear empirical support for AT was obtained by Gaines

(1967) from an experimen t in which subjects learned a third—order track—

ing task. The moving cursor was controlled with a dua l push—hutton

system. The subject could jerk the moving cursor to the righ t by press-

ing one button and jerk It to the left by pressing the other. Thc

system was unusual in that the directional effects of both buttons

reversed after each control movement. During the training phase, contro l

subjects practiced either a fixed , difficult task or a fixed , easy task.

Adaptive suh joe t s pract feed a task En whic h the damping ratio and the

[ amplitude of the fo rc ing  f u n c t i o n  were adj t i s t e d  to vary  d i f f i c u l t y .

Control  and adapt ive  s u b j e c ts  were then tested w i t h  .1 scrie’ of t a sk s  that

included the difficult and easy tasks used to t r a i n  the  contro l groups.

—.—- —
— — ‘ L_— - - - - - - —_____________________ & -
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The adaptive groups e x h i b i t c d  s u b s t a n t i a l ly  lower e r ror  scores t h a n

the fixed—task groups throughout the test phase. it is particularly

relcvant to this review that the adaptively trained groups were more

sk illed on the f ixed , difficult task during the test phase than were

the groups that had trained with that task . This experimen t clearly

supports  the AT p r i n c i p le tha t l e a r n i n g  can he more e f f i c i e n t  i f  t ra i nees

are allowed to learn a d i f f i c u lt  task by f i r s t  p r a c t i c i n g  a graded ser ies

of simp ler versions of the task. Never theless  the  g e n e r a l i t y  of  t h i s

f ind ing  is in doubt .  The s k i l l s  required fo r  the push bu t ton  controller

used by Gaines are probably very different from those required for the

stick or wheel controllers found in other AT research and In most vehicles.

Push button control seems to emphasize cognitive skills iii contrast to

motor skIlls. On the other hand , wheel and stick control lers require

series of responses that approximate complex patterns of con t inuous move—

• ment .  The magni tude , dura t ion , and d i r e c t i o n  of control  forces  must he

precise and must be integrated into an appropriate sequence. Although

Gaines’ data arc encouraging, similar find ings from experiments t h a t

examine sk i l l s  more typical  of opera t iona l  con t ro l  tasks are  needed to

support AT.

in a simple comparison of adaptive and fixed training Wood (1969)

t ra ined subj ec t s  on a two—dimensional , second—order  t r a c k i n g  t a sk .

[ A mp l i t u d e  of the forcing function , which was selected as the a d a p t i v e

variable , was adjusted so that the experimental group maintain ed a

F constant RMS error . A con t ro l group was t r a i n e d  a f t e r  t h e  Sl i l i t  ly e

group, and the difficulty of their task was Increased In f i v e  d i s c ret e

s t ern  over the f i v e  t r a i n i n g  sessions. The f i v e  lcvel~ were ob t a i n ed

_ _ _  

_  
-
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from the median forc ing  f u n c t i o n  ampl i tude  experienced in each of the

adaptive group ’s five sessions . Wood therefore  provided s i m i l a r  train-

ing exper iences for  bo th groups . In the t r a n s f e r  task sub jec t s  were

t tested w i t h  f ive levels of forcing func t ion  amp l i t u d e .  The non—adap t ive l y

trained group was superior to the adapt ively trained group at all trans—

L. fer conditions .

Although Wood (1969) concluded , from these da ta , that AT was less

effective than fixed training (FT), Kelley (McGrath and Harris , 1971)

claimed that Wood ’s control group had experienced discrete adaptive

training so tnat Wood had really compared two adaptive schedules. Tn

support of Kelley ’s claim , it could be argued tha t  the groups had been

randomly selected and were theoretically equivalent. The contro l group

mig ht  t he re fo re  be considered as a d iscre te ly adapted group where  the

rate of adaptation was based on the performance of a similar group .

Nevertheless adaptation on the basis of group performance is not generall y

accepted in AT methodology. Kelley (l969b) has stressed that one of the

strengths of AT is that task difficulty adapts to the individual ’s

ability by maintaining his error rate within optimal limits. Wood ’s

experiment seems to be a fair test of AT, and it is one that has demon—

strated that non—adaptive methods can be more effective .

(! An experiment by Bancroft and Duva (1969) examined the effects of

the error limit that was used to control the adaptive logic . These

experimenters proposed that subjects who had to track within smaller

error limits before they proceeded to the next step in the adaptive

schedu le , WOO Id I car ~i more or less ,fIIc lent I ’,’ t h i n n u t h  lOc t ~. wlin :e

progress was controlled by larger error l imits. A con t rol group was
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included so that AT could be compared with FT. Four groups of subjects

were trained on a two dimensional , th i rd—order , compensatory t r a c k i n g

task. System stability was adapted through six levels of difficulty

in the three adaptive conditions . Adaptive subjects g’aduared to a

higher level of difficulty when their integrated error over 4 thirty—

second trials was within the error limit specified for their adaptive

condition . The three adaptive groups differed only in regard to the

error limi t tha t controlled their progress thr ough the adaptive schedule.

The control group practiced only the most difficult version of th e task .

All subjects trained for 270 thirty—second trials and transferred to

the most difficult version of the task for 20 thirty—second trials.

No statistically reliable differences were found for tracking error

or for number of control losses, either in the training data or in the

transfer data. Therefore the experiment failed to show any s tr o n g  suppor t

for AT and did not effectively discriminate the effects of the variable

Ii error limits. Nevertheless Bancroft and Duva (1969) suggested that the

trends in the data favored the adaptive schedules, and did demonstrate

the differential effectiveness of the three error limits. In some circum—

stances their cor iusions from statistically unreliable data mig ht he

considered as tentative support for AT. It could he argued that suh~ects

were trained for so long that real experimental effects may have been

masked because all subjects approached maximum performance.

Observation of the triining data supports this contention. The

three experimental groups graduated to the most di ff le ul t r isk with an

average of more than 100 practice trials remaining , and appeared to

achieve stable performance with an average of at least 60 practice
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t r ials  remaining . That something was wrong is clearly shown by the

failure of the training data to demonstrate statistically reliable per-

formance d i f fe rences  between conditions tha t varied in average level of

difficul ty. The trends in the training data were in the expected direc-

tion and similar trends observed in the transfer data might also reflec t

real differences. Nevertheless, their probable cause is debatabl e . Data

supplied by Bancroft and Duva show that subjects in the fixed group lost

control of the system more frequently dur ing training than did subjects

in the adaptive groups. Furthermore , the poorer adap t ive gr oups lo st

control during training more often than the better adaptive groups. The

loss of control problem has already been discussed in the analysis of

Hudson’s work (1962, 1964). To summarize that discussion , the time taken

for the apparatus to reset after loss of control may reduce effective

training time and the discontinuities associated with loss of con trol

might disrupt tracking performance. These data do not provide even tenta—

tive support for AT.

In the first of a series of AT experiments by Norman and his assoc-

ia tes , subjec ts were taught to maintain constant apparent altitude in an

aircraft simulator (Loves et al., 1968). Forcing function amplitude was

chosen as the adaptive variable. A control group and an adaptive group

were trained with an equal number of trials blocked over five sessions.

Forcing function amplitude was fixed at a low value for the control

group ’s first training block , and was successively incremented for

J 

[ the subsequent training blocks. The forcing function amplitud e for the

adaptive group was allowed to vary between the lowest and the highest

I
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values used in the  exper iment .  The f o r c i n g  f u n c t i o n  a m p l i t u d e  exper i enced

I by an adapted subject at any given t ime dep ended on h is own c u r re n t  con-

trol pe rformance.

Af ter they had completed the five training blocks , control and adapt—

ed subjects  were tested w i t h  the in termedia te  a mn l i t u d e of f o r c i n g  func-

tion tha t had been used in the con trol group ’s third training bl ock. The

test block error scores of the adaptive group were reliably lower than

those of the control group . Although Lowes et al. concluded from these

I data  tha t AT is superior to FT , an a l t e rna t ive  and more p l a u s i b l e  explana-

tion is poss ible .  The average forc ing f u n c t i o n  a m p l i t u d e  assumed during

the adaptive group ’s training trials , by virtue of the adaptive log ic ,

I approximated the value used in the test blocks. Thus the adaptive sub-

jects may have performed the transfer task more efficiently than the

II control subjects merely because their training experience more closel y

approximated the test conditions. This alternative explanation does not

permit this experiment to stand as a worthwhile test of AT.

To follow up this work Noman, Lowes and Matheny (1972) used a trans-

fer of tra ining design to compare the performances of six experimental

I and two control groups of subjects in mainta ining level pitch In an air—

• craft simulator. Three adaptive variables were considered : forcing

function amplitude , system order , and a combination of system gain and

[ lag in which gain was adjusted during early training and lag adjusted

during later training . Six experimental grouj~ were formed so that each

[ variable could he adapted either automa t Ical lv or i -,’n ld lu :01 ~tisted by

lie experimenter while the t her var lab eS wi - i n - u  In I a I ,ied it I hel r

~~~ 
_ 

_ _  _ I  -
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I
criterion values. The adaptive variable in the automatic groups varied

continuously until it reached its criterion value , whi ch was u sed as the

- exit criterion for the subjects training under that condition.

1. The adap tive variables were adjusted twice in the manual conditions ,

- - and the second adjus tment  was to the  c ri t e r i on  v a l u e .  S u b j e c t s  ex i t ed

frets the pre—trans fe r  task when they could per form the most d i f f i c u l t  ver—

sion of the task within a specified error tolerance. ihe six experimental

groups transferred to a task that differed from the final form of the pre—

transfer task only in that all variables remained fixed at values differ-

ent from those used in the pre—transfer task . Two control groups were

included in the experiment.  The f i r s t  was t reated  s i m i l a r ly  to the

experimental groups, except tha t all variabl es remained fixed at their

cr i te r ion  values throughou t t r a in ing .  The second group p r a c t i ce d  o n l y

the transfer task.

U Norman et al .  examined the number of t r ia ls  taken to achieve the

exit c r i t e r ion  on the pre—trans fe r  task.  These data  showed tha t the

group trained wit lu manual.1 y adapting system order learned more si owlv

than any other group, but did not reveal any other d i f f e rences  between

adaptive and non—adaptive groups. The total training and transfer

- trials index appeared to follow closely the trend of the training trial

I 
index, hut it was not statistically tested . The authors relied Ofl a

[ transfer trials index to test their adaptive techniques. A comparison

of adaptive groups with the control group that had received no pre—

transfer training, showed a statistically reliable advantagi. for a l l

adaptive conditions over the non—adaptive condition . However this was : ~~- -

not a rc’asonahli. test of AT because , n. s noted earl i er in  this rev i ew,

~ Ij
_ -
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amount and type of training :lre (unfounded in transf er data for which

p r e— t r a n s f e r  t r a i n i n g  is not e q u a l i z e d . N o t v i t h ~~t an d i ng t h e  c l a i m  of

Norman et a]., this experim ent h.i~ ;ilso 1a I led t demon r :it a ny  a d v : u n t o f ’ e

of AT.

Norman (1973) used a similar experimental design to extend the

research reported by Norman et al . ( 1 9 7 ’ )  . ~~~ itn~ the t ra in ing pielsi (ii

this experiment subjects learned to control the pitch and roll of a

low performance aircraft simulator as it was buffeted by s i m u l a t e d  gust

turbulence. When sub jec t s  could c o n t r o l  pitch and roll w i t h i n  pro—

spec ified error limits , they transferred to a simulation of a high

performance aircraft that was also buffeted by gust turbulence , and

- pract iced that  to the same c r i t e r i o n .  The adaptive variable was t~ e

- same combina t ion of system gain and lag used in the  prev i ouE e x p e r i m e n t .

It was automaticall y increased towards it~-~ criterion v a !t I e  as the

subjec t ‘s con t ro l  pe r fo rmance  Improved . Two independent var I;ihlc s were

tested . Five d i f f e r e n t  performance measurement  i n t e r v a ls  were used to

def ine  one independent va r i ab le .  The o ther  was de f ined  by two v a r i a t i o n s

in high frequency components of the forcing function . Two c o n t r o l  groups

were used ; one practiced only the high performance simulation ~o criter-

1- ion and the other practiced the fixed version of the low p e ri or man c e

simulation to criterion before transferring to the hi gh perform ance

L simulation .

r Subjects were allowed only twenty trials In which to achieve cr 1-

ten on performance on the pre—transfer task and to achieve .i simil ar

I 
standard on the transfer task . Those subjects who were unable (ii

satisf y th~~ e requirements within t h e  t w e n t y  t r lal I Im It w’ r• ,- I :isslt led

I as failures and dismissed from the experiment. Norman continued to test

~
,- - - -~~~~ I

--——-—a- —- - —--- --- —-“---—~~~ 
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new subjects un t i l  six had sa t i s f ied  the per formance  r e q u i r e m e n t s  i n

each control and experimental group .

The experiment was designed to conform to a c ommon pilot training

paradigm in which a trainee pilot  learns con t ro l  s k I l l s  In  a s i m u l a t o r

and then transfers to the parent system. In this experiment the parent

system was also simulated . Norman developed a cost—of—training index

in which the time spent on the parent system simulator was assumed to

- 
be five times as expensive as time spent on the training simulato r .

The cost of training each group ’s failed subjects was added to the cost

- of training the six passing subjects in that group. A comparIson of

L the experimental and control groups on the basis of the cost index

F shoved that some adaptive groups were less expensive to train than the

- control groups. The differences were statistically reliable.

The validity of Norman’s cost of training index is suspect. The

statistical reliability of the results was largely due to the procedure

Li of failing subjects who did not complete the experiment withIn 20 trials.

- r Those groups with many failed subjects invariably received a high rating

k 
on the cost of training index. The number of faIlures per group , which

- Ii 
ranged from zero to five, shoved no systematic trend . The apparent

- 
randomness of the distribution of fai1ue~ and the substantial influence

that failures had on cost of training seem to invalidate the cost Index

r as a basis for comparing groups. In addition , the seemingly arbitrary

costing of parent system time as five times more expensive than train—

( ing system t ime can be questioned . These ‘incertalui t les :ulsnit I hut ’ desi gn

I 
and analysis of the experiment are serious enough to preclude It as a

suitable test of AT. - -- 

_ _  

_ 
~~~~--~~ ---~~ - - _- -
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In the first of a series of experiments from the AviatIon Research

Laboratory at the University of Illinois, Crooks (1973) tested four

adaptive mcthods and one non—adaptive- method of teaching a two dimensional

tracking task . The ratio of second—order to first- order components in

the system was used as the adaptive variable. The second—order compo—

nen t for the four adaptive groups was initially set at 30%, and subjects

practiced the task until it had reached the exit criterion of 80%. The

adaptive logic for three of the adaptive groups Increased the second—

order component if the subjects tracked within a prespecified error

limit and decreased it if they tracked outside of that limit. The three

groups differed in that the prcspccified error limits remained constant

throughout training for one group, increased as the subject improved

In another group, and decreased as the subject improved In the third

group. The prespecified error limits for the fourth adaptive group re-

mained constant throughout training. This group differed from the other

adaptive groups in that the second-order component of the task could

not decrease if subjects tracked outside the error limit. The two

changing error limits approached the fixed error limits used by the

other groups so that, at exit criterion , subjects from the four groups

were performing an identical task. Control subjects in the non—adaptive

group practiced the task with a fixed 80Z second—order component and

exited from it when they reduccd their error to the final value used

in  f lu ’  adapt  lvt’ regimes.

?kiut ber of trials to achieve the training tisk xlt rlti rlo n w i

established as the primary dependent variable. When tested against ~~
- 

~~~~~

_ _ _ _  
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- this dependent variable , the non—adaptive group was as successfu l  as

the adaptive group that had not been permitted any decreases in the

. acceleration component when they exceeded the error limit. The three

remaining adaptive groups required more trials to achieve exit criterion .

- Two other dependent variables, one a transfer task and the other a re-

- tention task, did not reveal any differences among the five groups .

Not only did this experiment fail to demonstrate any advantage of AT,

but also appeared to demonstrate that some adaptive manipulations could

retard skill acquisition.

- A subsequent experiment from the same laboratory used a two d imen—

- I sional tracking task to examine three adaptive variables (Copher Ct al .,

1975). Frequency of forcing function , system gain , and system order

were increased adaptively by t hemselves , in pairs and toge ther  in  seven

d i f f e ren t  training conditions. In one addi t ional  t ra in ing  c o n d i t i o n

- the three variables remained fixed. For training conditions in which

11 they did not adapt , variables remained fixed at the average adaptive

values achieved in a preliminary study by five flight—naive sub j ects

in their fourth five—minute period on a fully adapting task. Subjects

in the main study were trained over five three—minute sessions. They

were transferred to eight minutes of continuous tracking on a task in

II which the three variables remained fixed over two minute periods but

r changed to new fixed values at the end of each two minute period .

- Subjects returned approximately one week after their first testing

date to complete a retention task that was similar to the transfer task.

The mean RMS error for the transfer task and for the retention task did

I ~ not reveal any reliable differences between groups.

_______ 

-



An additional dependent variable suggested by Gopher et al . (1975)

was designed to test the operator ’s adaptability to a changing situation .

In support of this dependent variable , Gopher et al . argued tisu t vehi cle

- I operators must be able to cope with changes in sys tem dynami cs and in

disturbance characteristics. Adaptive techniques that change these

variables throughout t r a i n i n g  may better prepare the operator for van —

ations In control demand . To test this idea, Gopher et al . examin ed t h e

RMS error from the transfer task before and after the changes to d ffer—

ent fixed values. The differences between the mean RMS error over the

last 15 seconds of a two-minute period and the mean RMS error of the

first 15 seconds of the following two—minute period were averaged for

each subject over the three relevant change points. These da t a  showe d

that frequency and gain adapted subjec ts  performed be t t e r  d u r i n g  t r a n s i —

tion periods than subj ects who were not f requency  or gain adapted during

training. A similar analysis of the retention task did not reveal any

reliable differences. Nevertheless , the transfer data supports the

hypothesis that some adaptive training manipulations can help an operator

learn to cope with changes in the external disturbances and In system

dynamics.

Williges and Williges (1976) extended the previous stud y liv Invest 1—

gating manual and automatic adaptations of forcing functions bandwidth.

[ In a two dimensional pursuit tracking task the adaptive vari abl e was

adjusted either automatically or by the subject with a dual button key-

hui ;ird ad ~aeeiiI L u ’  th ,t~ coot r~’h ut lek . For I l~ cool r iul utinuhl I ~‘uui lie

task was fixed at the maximum bandwidth used in the adaptive schedules.

_ _ _  

_  - -
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All subjects practiced to a bandwidth and error criterion and then

t r ans fe r red  to a similar fixed task.

Transfer performance was best for the manua l ly  adapted group and

worst for the control group . The difference between the two was statis-

tically reliable. The transfer performance of the automatically adapted

group lay between those of the other two groups hut  was not r e l i a b l y

different from either. Although amount and type of training were con-

founded in this experiment , poorer group transfer performance corresponded

to longer pre—transf en training , so that the superior performanc e of the

manual ly  adapted group cannot  be a t t r i b u t e d  to more ex tens ive  pre—tr ansfer

practice. The data therefore demonstrate at’ advantage for the bandwidth

adaptation.

Feedback Variables

Smith et al. (1974) developed an adaptive paradigm based on displayed

Information about the probable future course of the controlled cursor in

a one dimensional tracking system . Displays that present this type of

information have been widely investigated under the rubric of predictor

displays, and have been shown to substantially decrease the diffi culty

of complex control tasks (Kelley, 1968; Kennedy , Wulfeck , Prosin and

Burger , 1974). The predictive information was computed by a fast-time

model of the system dynamics on the basis of current system state and

certain assumptions about the operator ’s behavior. The experimen t by

Smith at al. (1974) is the first to examine a predictor displ ay as a

learning rather than a performance aid .

The tracking task simulated the descent of a let train i ng aircraft

along a glide slope. It  was performed in an a i r c r a f t  s i m u l a t o r  In which

_______________  ________  4
-
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the standard flight ins trumen ts had been rep laced w i t h  a side l o o k i n g

cathode ray display tha t depicted the desired glide slope , an error

tolerance envelope , a controlled cursor representing the aircraft , and

a l ine that showed the predicted track of the control led cursor .  Each

trial started with the simulated aircraft on final approach in l evel

f l i g h t .  Approx imate ly  eight seconds la ter  the control led cursor  reached

the glideslope , and the subj ect then tracked the g lides lope  to i ts

point of in te r sec t ion  w i t h  the runway .  Each t r ia l  lasted a p p r ox i m a t e l y

sixty seconds.

Ten groups of subj ects were tested . One was a control  group  t h a t

received no predictor information, and the other nine were exnerimental

groups that  trained under various conditions of p redic tor  i n f o r m a t i o n .

The experimental schedules were made adaptive by presenting the pre-

dictor information only when a subject ’s nerformance fell below a

prespecified standard so that, during early training the predictor

information was available for  most of the time , hu t  was presented fo r

decreasing periods of time as the subject improved . The n ine  experi-

mental conditions were established by completely crossing two variables.

One variable was the criterion for presenting the predictor i n f o r m a t i o n ,

which would automatical ly  appear only if the error was predic ted  to he

outside of the tolerance envelope in zero , five , or ten seconds . The

other variable was defined by the duration of prediction , which could he

f ive , ten or twenty seconds. After practicing a prespecified number of trials ,

subjec t s  t r a n s f e r r e d  to a t est cond it Ion tha t was hlent ic u  I to I he coot r , i  I
I

I

I

____________________ 
_____ 4 .
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t r a in ing  condit ion . In tegra ted  altitude error on the t r a n s f e r  task was

used as the primary dependent variable.

Some of the exper imenta l  groups demonstrated superior transfer per—

formance. Long predic tor  spans and earl y a n t i c i p a t i o n  of error allowed

the best t r a n s f e r  performance , whi le  condi t ions  wi th  short p r ed i c to r

spans and those in which the  pred ic t ive  I nf o r m a t i o n  appeared on ly  when

the tolerance envelope had been exceeded , were generally no better than

the control  cond i t ion . Unfortunately it is not possible to determine

whether the adaptive feature of the schedules contributed to the superior

performance of the better experimental groups. Predictor information ,

presented in a non—adaptive mode during the t r a i n i n g  phase , m i g h t  have

demonstrated similar advantages. An extra control group in which pre-

dic tor Information was available throughout training, regardless of

the subject ’s performance , could have resolved this issue , and is

recommended for  f u t u r e  s tudies of this type . Nevertheless, the experi-

ment does t en ta t ive ly  support the application of feedback adaptations

ç 
in training .

A flight experiment by Oilson and Ventola  (1976)  has d e m o n s t r a te d

the value of adaptive augmented feedback for aircraft landing Instruction .

These investigators mounted a tactual display on the c o n t r o l  yoke of a 
—

l ight  a i rp lane to give s tuden t  p i lo t s  pitch error ~nformat !on  d u r i n g  s ix

takeoff and landing trials with the disp lay , and then another six with-

out i t .  A second group f lew their  f i r s t  six t r ia ls  w i t h o u t  the d i s p l a y

and their second six , with it. Tue tactual display cle arly .ufded land—

ing performance while it was active . In addition , a comparison of the “

_____ —



two groups ’ performances on the  t r i a l s  in which the  t a c t u a l d i s n l a y

was not used , ind ica ted  tha t p r a c t i c e  wi th  the d i sp lay  aided la te r land-

ing performance without it.
I

Adaptive supplementar ~~~feedback has also been tested , und er  the

rubr ic  of augmen ted feedb ack , with standard pursuit rotor and other

t r ack ing  tasks. Gordon and G o t t li e b  (1967),  and Gordon (1968) used a

pursuit r otor to examine the e f f ec ts of supp lementary visual feedback

that was available during learn ing trials only when their experimental

subjects were o f f — t a r g e t .  The exper imenta l  group ’s subsequent  p e r f o r m —

ance on a similar transfer task with no supp lemen tary  feedback was

reliably superior to that  of a control group that had practiced with-

out supplementary cues. Will iams and Briggs (1962) obtained a similar

resul t  in a contr~ol knob t r ack ing  equipment tha t  tes ted o f f — t a r g e t  aural

informat ion .

1~

k
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DISCUSSION OF RESEARCH AND OF THE ADAPTIVE TRAINING CONCEPT

Adaptive training research has provided very littl e support , in

comparison to the magnitude of the research effort , for the app lication

of perceptual and response adaptations to applied training situations.

The only unequivocal and statisticall y reliable data to demonstrate

their effectiveness was obtained with an atypical control task (Gaines ,

1967). Several of the e’~perinients that apparentl y support AT p rinci p les

have methodological problems that are critical enough to discount the

conclusions drawn from them . In general , the research related to per—

ceptual and response adaptations has produced little conclusive e v i d e n c e

for or against AT. In contrast , the meager data on feedback adaptations

show a consis tent and st atis ticall y reliable advantage for AT (Gilson and

Ven tola , 1976; Smith et al. , 1974). Further stup l o r t for augmented ft t-d —

back adaptation ; is available from the more theoreticall y oriented

augmented—feedback research (Gordon , 1968; Gordon and Gottlieb , l 967~

Wil l i am s and Br iggs, 1962).

The AT li terature has failed to answer some basic and criti cal

questions. In particular , is the concept well—founded and worth further

e f f o r t ?  If It  is , what man ipu la t ions  are l i k e l y  to be successful?

Research to this date has had a strongly applied emphasis that has

encouraged i n v e s t i g a t o r s  to c o n c e n t r a t e  on a sp e ct s  of AT t I - u t a re  most

appropriate to their immediate concerns. As commendable :us this may

appear , it has not establ ished the t h e o r e t i c a l  or conceptual basis th at

is essential for orderly development of AT. The f o l l o w i n g  c l i s eu io s Eon

_  I
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r a t i o n a l i z e s  the  AT da ta  w i t h  o the r  p sycho log ica l  t heo ry  and da t ;., in order

to cons truc t a sound concep tual basis for  the  research.

The idea that an adaptive algorithm shou]d provide an optimum

schedule for skill acquisition has been based on the evidence tha t demon-

strates wide individual differences in skill acquisition and or th e b e li e f

that complex skills are comprised of simple skills. There are however

other principles within the motor skill literature tha t hear on the AT

model. Al though these princip les gain theoretical and empiric al support

from a varie ty of sourc es , they all have implications for Important features

of AT.

The first principle to be noted is that skilled behavior e;Iuu develop

only in the presence of consistent and lawful stimulus-response relation-

ships. Contemporary motor skill theories that are incompatible in some

respects (Adams, 1971; Pew , 1974; Schmidt , 1975) have , as one point of

agreeme nt , the need for consistent stimulus—response relationshi ps.

Inconsistent stimulus—response relationships would presumabl y inhibit

development of the perceptual trace (Adams, 1971), or would Interfere

with development and selection of the appropriate motor program (Pew, 1974)

or schema (Schmid t, 1975). Within the AT context proreduru ’; that force

trainees constantly to develop new strategies or responses to unchanging

stimulus demands or that abruptly change stimulus demand s without consequent

changes in response requirements are u n l i k e l y to he e f f e c t i v e .

A related princi ple is tha t skills learned In one situation can he

t r a n s f e r r e d , w i t h  p a r t i a l  p e r f o r m a n c e  loss , to simi I a r s i t u - u  t i o ns .  Ho Id—

Ing (1976) has outlined the transfer relationshi ps tha t can be expec ted

_ _  
- 
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between percep tua l—motor  tasks tha t vary a long s t i n u u i l ’ :~ or response

dimensions . Within AT, the task to he adapted should he changed in a

way that enhances positive transfer from its easy to its more difficul t

versions. The choice of adaptive variable is important because not all

manipulations of difficulty are equally likely to enhance skill acquisi—

tion . Positive transfer from easy to difficult versions of the task is

undoub tedly essential for the adaptive schedule to be eft ective.

A third important principle is that repetition of the stimulus—

response relationship is necessary to establish all but the most trivial

behaviors. From the princ iple of transfer , the repea ted behaviors need

not be identical , but must be similar in importan t respects. Schedules

that do not allow sufficient repetition , or force repetition n’ un-

representative responses, are unl ikel y to facilitate skill acquisition.

The fourth principle listed here is that some comp lex tasks (~~~fl

be segmented into several simple tasks. This principle has been cx—

ploited in the part—whole training paradigms in which practice with

simple segments of a task have facilitated ti-ic acquisition of the whole

task (Adams, 1960; Fitts & Posner , 1967; Wel ford , 1968). This procedure

can be ineffec tive if, through segmenting the task , its most difficult

aspec ts are lost , or if the segments do not teach skills tha t can he

used to perform the whole task. In addition , some tasks are not snif f—

F c ien t ly  d i f f i c u l t  to warrant segmentation into easier components. These

observations indicate that for AT, the tasks should be diffic u lt enough

to warrant this type of Intervention , and the adaptive variable should

be chosen so tha t when the trainee practices simp le versions of tht

I

~~
. I
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task , he will learn skills tha t  he will use when performing the c r i t e r ion

version of the task .

The fina l principle is related to the feedback that the t r a inee

receives about his behavior. Armstrong (l97Oa) has distinguished motiva-

tional and guidance feedback. The emphasis that some contemporary theories

- place on the role of guidance feedback (Adams, 1971; Schmidt , 1975) is

supported by the research of Trowbridge and Cason (1932) and of McC.u igan

(1967) which indicates that more precise guidance information facilitates

- the acquisition of a discrete motor skill, intrinsic response-produced

feedback may be adequate to learn and perform the task , or supplementar y

feedback such as error informat ion from an instructor may be needed .

Nevertheless feedback of an appropriate type probabl y is e s sen t i a l  f o r

skill  a c q u i s i t i o n .

These princ iples are to some extent interrelated and to list t hem

- all is to occasionally restate a point. Nevertheless each has been

- deemed important in several motor skill contexts and together they

- : h account for the most cru”mon relationships in skill acquisition . As a

first approximation any AT procedure that violates one or more of them

F is unlikely to be maximally effective. These principles are used in

the  subsequent discussion ot research to examine the  p o t e n t ia  of differ-

1 ent adaptive variables, the role of feedback , parameters of the adaptive

logic , and criterion task difficulty. Adaptive manipulations will be

discussed again under the headings of response, perceptual , and Leed-

F back variables. Both AT and transfer of training dat u are used to assess

the potential merit of various adapt ive manipulations. The d i scu s si on s

I

I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-
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• of adaptive logic parameters and of criterion task difficulty will he

pr imar i ly  conceptual because there is little empirical work related to

these issues.

Adaptive Variables

AT researchers have been primarily concerned with optimizing task

difficulty throughout training. They have generally t reated difficult y

as a single dimension and have apparently assumed that any convenient

manipulation of task difficulty will be satisfactory. Difficulty h a s

been extensively investigated as an independent variable , but- reviews

of this work indicate tha t changes in the several variabl es tha t can

be used to manipulate task difficulty have dissimilar effects on skill

acquisition (Day, 1956; Holding , 1962). Task difficulty is more appro-

priately considered as a dependent variable that is operatlonalized by

order ing scores on some measure of performance . Instead of considering

it as a single dimension under the iuestionable assumption that it has

consistent effects on skill acquisition , each of the adaptive variables

that can influence task difficulty will be evaluated separately .

Although response, perceptual, or feedback adaptations almost

certainly have different effects on learning , their relative merits as

adaptive variables have rarely been discussed . The nature of the criter-

ion task in particular seems relevant to the choice of adapt lye variable.

For example , because control of an inherently unstable rotary wing air-

craft during hover is prlm. irl l y a motor skill problem . res ruuuu o or per—

ceptua l adaptations tha t change response difficulty seem to he the most

I appropriate. In contrast , landing a fixed wing aircraft In poor visibilit y

I
- _______— —~~~~~~~~—--— ------- -.--— * ..- -~~~ —.- .-.--- - -_.~:~
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is d i f f icul t pri marily because of the imprecise nature of the ! visua l

cues, so that a feedback adap ta t ion  seems to  he most appropriate . The

recommended adap ta tion in each of these examples is preferred bec ause

it allows the task to be varied over a greater range of difficulty than

the alternate adaptations. This argument indicates that the choice of

response , perceptual , or feedback variables should be based , to some

extent at least , on the na tu re  of the c r i t e r ion  task .

In addition to neglecting any discussion of the type of v a r i a b l e

that should be adapted , AT researchers generally have failed t o justi Fy

the specific variables they have chosen . In particular the nature of

the transfer between the task variations defined by the adapted dimen—

sb us has been ignored . Equal increments in difficulty might he obtain—

ed by varying any single variable , or any combinat ion of var iabl es, hut

different manipulations could have quite different effects on skill

acqu is i t ion. With  some manipulations practice at one level of diff i—

cu l ty  could conceivably i n t e r f e r e  with performance at higher levels.

It seems reasonable to expect that an adaptive manipulation will facili-

tate skil l  acquisi tion only if transfer from easy to difficult task

variations is both positive and substantial.

The rationale for this expectation can be clarified wi th an examp le

of a hypothet ical  t ransfer  of t ra in ing experiment.  The f u n d a m e n t a l  AT

assumption is that training on an appropriate easy task can better pre—

pare an operator for a difficult criterion task than can equiva l ent

train lug on t lie c r i t e r I o n  task I i oi’ I i . TI , I o i o u  Id h.~ I I hi iii

experiment in which subjects transferred to the cr i ter ion t a sk  ;,ttu r- I I
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some t r a i n i n g  on the easy t a sk .  A con tro l group that trained through-

out on the criterion task would be necessary for comparison . That the

experimental group ’s pre—transfer task is easier than the criterion

task would be demonstrated by the fac t tha t thei r pe r formance  dur in g

the pre—transfer phase is better than the control group ’s performan ce

on the corresponding criterion task trials. Possible data trends are

shown in Fig ure 2 , and in par ticular , two al terna tive trends ar e shown

for the experimental group ’s transfer data. Although both of the experi-

mental group ’s transfer trends demonstrate positive transfer In tha t the

early transfer trials reflec t better performance than do the control

group ’s early trials , onl y trend B demonstrates an advantage for prior

training on the easy task . In contrast , data that follow trend A revea l

that trainee. learn more about the criterion task by h )r act icin ~ the

criterion task than by practicing the easy task.

In some t r a n s f e r  of t r a i n i n g  s t u d i e s  t r a n s f e r  has taken place

along - l  d imension that has elsewhere been used , or might bE’ used , as an

adaptive variable. The data from these transfer experiments seems rele-

vant to a discussion of AT. It is true that the adaptive and transfer

designs differ noticeably In that adaptive designs employ several small

“easy to d i f f i cu l t” steps while transfer designs employ only one .

12 Although size and number of steps could well he critical factors , a

variable ’s influence in a multi—step experiment is likely to correlate

with its influence in a one—step experiment. Furtherri~re , the compar—

- 
- 

ability of data from experiments with few or m a n y  s t eps  has been a cc e p t —

ed , at least implicitly, by those experimenters who were influenced by

Brlggs ’ (1961) tw - -sti~p experiment.

- -
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Figure  2 . H y po t h e t i c a l  t r a n s f er  of t r a i n i n g  data . Trends A and B
- represen t alternate possible transfer trends for the

experimental group.

.

~~

I

_ _ _ _  

_ 
_ _  _  _ _  

1



-
~~~~~

-

Thus transfer of training data will be combined with the previously

discussed AT data to evaluate the po t en t i a l  mer i t  of some adaptive mani-

pulations. Sufficient data are available from transfer and adaptive

studies to make at least a preliminary judgment about the potential of

system order , gain and lag , forcing func tion , and augmented feedback

manipulations. An additional variable called percen tage of d i s p l a y

pursuitedness has never been used as an adaptive variable but will be

considered because it is relevant to tracking behavior and because it

- can be used to represen t a dimension along which tracking difficulty can

be varied .

Response Variables

System order has emerged as the most popular adaptive variable , hut

transfer data indicate that i t  is unlikely to provide an e f f e c t i v e  t r a in -

ing manipulation . Lincoln (1953) showed that practice on a zero—order

{j 
system was less adequate preparation for subsequent tracking on a first—

- order system than was practice with the first—order system. Briggs, Fltts

11 and Bahrick (1958) similarly showed tha t practice with a first-order

- 
~~~

‘ system produced poorer performance on a second—order system than did

equal practice with the second—order system . Transfer from a combina tion

zero , first, and second—order system to a pure second—order system also

failed to show any advantage for prior training on the lower—order sYstem

(Holland and Henson, 1956).

{ 
Experimental comparisons of quick ened and unqiiickened dlsnlays have

produced similar results (Dooley and Newton , 1956; GoldsteIn , 1961). Of th ,~

D
I

- ~
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AT experiments in which system order has been adapted (Brlggs , 1961;

Crooks , 1973; Gopher et al., 1975; Hudson , 1962 , 1964; Norman et ii. ,

1972) only the two by Hudson that were criticized on methodological

grounds , revealed any advantage for the adaptive manipulations . Further-

more , Crooks (1973) has shown that order manipulations can retard skill

acqu i s i t i on :  an observation tha t is supported by u n r e l i a b l e  t rends in

the transfer data from Gopher et al., (1975). System order therefore

appears to be an inappropriate choice as an adaptive variable.

Transfer of training data from Rockway, Eckstrand and Morgan (l9~ 6)

indicate tha t gain is unlikely to be a useful adaptive variable . In this

F ; experiment , subjects practiced on one of three gain conditions and trans—

ferred to the highest and most difficult gain condition. There were no

perceptible differences between the transfer performances of the three

groups. The AT data are also not very encouraging. Gopher et aL , (1975)

were able to show an advantage for gain with their exp loratory dependent

variable, but unreliable trends in their overall transfer scores m di-

ca ted tha t FT was bet ter  than AT in which gain was mani pulated .

Because system lag is inherent in any tracking system , has a well

defined relationship to tracking difficulty, and can be easily manipulated ,

it appears to be a potentially useful adaptive variable. It has been

tested in two AT experiments , and in both It was combined with a system

gain manipulation (Norman , 1973; Norman et al., 1972). Neither of these

experiments provided acceptable data. However a transfer of training

experiment by Levine (1953) provided some relevant data that discourages

the use of system lag as an adaptive variable. Transfer performance on -

~ -
.
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a no—lag cond ition for a group that had practiced prevlou:,]v with a lagged

system was no better than that of a group that had remained on the lagged

system throughout the experiment. Nevertheless these data must also be

supplemented with results from other experiments before firm conclusions

can be drawn about the potential value of lag as an adaptive variable.

Theore tical considera tions indica te tha t response manipula t ions are

unsuitable adap tive variables. As defined earlier , response manipula-

tions are those in which the operator must learn to generate new responses

to unchanging stimulus information. Holding (1976) has bbserved that

there is a high probability of negative transfer in this type of situation .

This possibly results from the fact that it violates the princ iple of

consistent stimulus—response relationships. Although response variables

can be used to chang e task d i f f i c u l t y ,  th is  type of manipula t ion  seems

unsa tisfac tory for training purposes.

Perceptual Variables

Forc ing func t ion  adaptat ions  have been popular , hut the supporting

data are inconclusive. The st,ccessful amplitude manipulation used by

Gaines (1967b) was tested with an unrepresentative tracking task. The

data  provided by Lowes et al. (1969) and Norman et al. (1972) are suspect

because of methodological probl~ ns with those experiments. Gopher et al .

(1975) could demonstrate an advantage for thei r bandwidth manipulation

only with their exploratory dependent variable chosen to examine perform—

ance stability.

In contrast , the evidence against f o r c i ng  func t ion adaptations Is t-;

I Impressive . Wood (1968) found that his amplitude manipulation ‘

~~~~~~
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was less effective than his non—adaptive manipulation and Gopher

~~ ~j. (1975) obtained a null result w f t h  orthodox transfer and retention

measures In comparing a bandwid th adaptation with a control condition .

The degree of transfer between frequency and amplitude variations in

1. transfer of training experiments employ ing a pursuit rotor (Ainmons ,

Arnmons and Morgan , 1954; Lordahl and Archer , 1958), was insufficient to

encourage either frequency or amplitude adaptations. However it may

be unwise to rely on a nu ll resul t or on pursu it ro tor da ta. Wood ’s

result Is noteworthy , hut In view of the conflIcting, although question—

1 able data , judgment of forcing func t ion adap ta t ions should he d el ayed

until more extensive data are available . Further transfer studies

- emp loying appropr ia te  t r a ck ing  appara tus  could resolve this  q u e s t i o n .

I Perceptual  m a n i p u l a t i o n s  t h e o r e t i c a l ly  are more sound than response

n i .gi i  [pu [ at  i t i i i s  bei - ,ue. - t h ey  i i i ( I ~; r ( ’ ; . I v c ~l y 
~• x i  eiul i lie r&- 1)er I iii rt • ,t  ~ t 1ii~i I,e-~—

[ ~e~ ponse relationships rather than change them . Adaptive training with

E 
~ . perceptual variable is analogous to the type of par t —whole training

i hat can sometimes facilitate acquisition of a complex task through

prior training w it h s imp le componen ts of the task (Adams, 1 960: Fltts

and i’osn er , 1967; Wel ford , 1968). II t h e ;ana logy Is valid , appr iipr hit  e

E simple elements of the complex task that can be properl y integrated or

sequenced to ensure positive transfer between various difficulty l evels

must be iden t i f i ed  to es tabl i sh  the adapt ive schedule .  A l t h o u g h  theor ies

E of s k i l l  . leqii  I s i  t ion m i g h t  he expected t o  I ml I ~~ te suit able segmentat ions

ol th e  comp cx task and , I lie r e t  ore , I he a p pr u p l  l.~t e , id . ip  I vt  i I oh I

[ contemporary theories seem inadequate for this purpose . The selection

of an appropriate perceptual manipulation remains , for the present at

I I e:IHt , i r i~i It ~m l ii ant ly emp I r I c ii problem .

_--
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Feedback Variables

I Augmented error information that is concurrent with the response ,

that tells the subject when he is off—target , and tha t gu ides the opera tor

to the correct behavior , has been tested twice (Gilson and Ventola , 1976;

- Smith et a l . ,  1974), and in both experiments transfer performance was

- enhanced by the adaptive feedback manipulation . Augmented-feedback

f 
studies emp loying concurrent , o f f — t a r g e t  feedback also support the use o f

feedback adaptations (Gordon , 1968 ; Gordon and Gottlieb , 1967; V’jlliams

and Briggs , 1962).

Other transfer—of—training studies have tested concurrent , augmented—

feedback that informs the subject when he is o n —t a r g e t .  Some of these

[ experiments have demonstrated bene f i t s  for augmented—feedback (Gordon and

Cottlieb , 1967; Karlin , 1965 , Karlin and Mortimer , 1963; Kinkade , 1963;

Seashore, Underwo od , Houston and Berks, 1949: Williams and Briggs, 1962)

• while others have produced null results (Archer, Kent and Mote , 1956 ;

Archer and Namikas, 1958; Bilodeau and Rosenquist, 1964; Sheldon and

Bj orklund , 1966) .

The greater consistency of evidence in favor of the off—target man !—

1 pulation may have resulted from the fact that it is inherently adaptive

- in that , as the subject learns the skill , the augmented—feedback is pre—

sented for decreasing periods of time. Thus transfer to a non—augmented

- I 
feedback condition will, for a skilled subject , constitute a less sub—

stantlal task change than if on—target information had been augmented during

[ acquisition . As positive transf er between tasks that require iden tical

_ _ _ _ _  

_ _  _ _ _  _ _ _ _  _ _ _ _  
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responses is related to sim ilarity of stimuli (Holding , 1976), th e off—

target manipulation seems to be the most appropriate.

The data from feedback studies are sufficientl y encouraging to

warran t further research. In particular , the benefits of on and off-

targe t sched ules , various types and parameters of command and predic-

tor indicators (eg. Roscoe , Eisele and Bergma n , 1975), and d if f er ing

error limits should be examined .

Percentage of display pursuitedness , a concept introduced by

Briggs and Rockway (1966) , could provide another useful perceptual

manipulation . Although tracking displays are generall y classified as

[1 pursui t or compensa tory , Briggs and Rockway established a disp lay that

-r was partially pursuit and partially compensatory. Thus a disp lay tha t

is 25Z pursuit , is also 75% compensatory . Pursuit disnlavs are easier

to track than compensatory displays (Poulton , 1974) so tha t  d i sp lay

pursuitedness could also be used as a dimension of difficulty for

I control tasks. Although this variable has not yet been manipulated

- in any AT experiments , it could be used to teach vehicular control

activities that are inherently compensatory, but could be s imula ted

1’ as pursuit tasks. Tracking an aircraft along the extended centerline

of a runway in the presence of gusting crosswinds is one examp le of

I a task that is inherently compensatory , but could be represented as

- a pursuit task In an aircraft simulator.

One transfer of training study (Gordon, 1959) supports the use

of percentage of display pursuitedness as an adaptive varlahle~, in

$ hat experIment , sub 1 .~c t s who we rt~ t n t  t I a 11 v I r :i I nod on ,i pu r i ii t ask

1’
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performed be t te r  on a compensatory task than subj ects who had trained

th roughout  on the compensatory task.  There Is however , some incon-

s is tency in the  available da t a .  A s imilar  experin ~ent b y Br iggs  and

Rockway (1966) revealed no performance differences on a compensatory

1r~ t r a n s f e r  task for groups trained with degrees of d isplav nirsu i

ranging from zero to 100%. I t  may be relevant that Gordon used a

spring loaded control w h i l e  Brlggs and Rockway used :u qu. isi—i sotunh-

control. If transfer from pursuit to compensatory tasks depends on

proprioceptive cues learned in the pursuit task , the system used by

• Briggs and Rockway would produce less transfer than the one used by

Gordon . This hypothesis needs to be resolved emp ir i call y as a prelude

to investigation of disp lay pursuitedness as an adapt ive variable.

The feedback variables discussed so far provide the onera tor with

information that is concurrent with his responses and enhance5 the I n—

formation he would normally receive about the nature of his control

errors. The importance of the second charac ter ist ic is suppor ted by

contemporary mo tor skill theories that stre~.s the guidance role of

information feedback in skill acquisition (Adams , 1971; SchmIdt , 1975) .

The expectation that the concurrency of feedback is important is

derived from discrete  motor skill learning research (Bi l odeau , 1956;

Soulter , 1964) in which subjects performed some activity during the

delay betwe n a response and Its guidance feedback. In Rllodeau ’s

experiment , guidance feedback to each response was delayed while the

- 
[ subject made one or more other responses to which feedback was also

delayed b y the same number of responses. Execution of responses in the

~~
4 I 
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feedback delay in terval degraded performance in the acquisition trials.

Boulter ’s expe r iment showed tha t verbal or motor activity Inserted in

the feedback delay Interval could degrade performance after feedback

was wi thdrawn . A l thoug h activity in t he fe cd lc i ck  ~i€  I ly  l o t  erv i I dot s

not degrade transfer performance after extensive learning (Lavery, 1964 ;

Lavery and Suddon , 1962), it does seem to interfere with early learning.

Other experiments (Bilodeau and Bilodeau , 1958; Bll odeau and Ryan ,

1960; Rotul t o r , 1 964; Saltzm an , Kanler , and (‘.rvenspoon , 1 955) have not

shown any acquisition or transfer effects of varvi uu g an un filled delay

bu t the findings of Bilodeau (1956) and Boulter (1964), that activity

during the feedback delay does interfere with acquisition and transfer ,

seems more relevant to continuous tracking behavior. Continuous skills

would .siml larl y suffer from interference ny Intervening responses i f

faedback was delayed . Augmented—feedback is l i k ely to h~ an ef fect ive

adaptive variable , and the potential to make it concurrent with the

response may be an important advantage that automatic feedback systems

have over human instructors.

However not all types of feedback are likel y to he equally cffec-
p
11 tive . Although many research workers in AT have assumed tha t the

motivationa l effects of feedback are critical in skill acquisition

(McGrath and Harris, 1971), there is little evidence to support this

j assumption . Only Norman (1973) has tested it within the AT research.

lie all owed some of h I s  sub~ ec ts to men I to r  a met er  t hat di sp I :uyed con—

[ current information about their performance. This group learned the 
- 

~~~~~~~~~~~ 1

tracking task more quickl y than a similarl y trained group tha t was 

. - -  ~~~~—.~~~~~~ •~~~— • ~— - ~~~~ - •— —~~ ---~_______
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denied the meter information . Unfortunately the resul t was confounded

by sampling biases. The feedback group contained a substantia l number

of naval recruits while the non—feedback group consisted only of college

I s tudents .  The e f f e c t s  of these sampling differences Ic unknown .

Other AT experiments in which motivational feedback was augmented

- (Wood , 1969 ; Crooks, 1973) did not compare feedback to no—feedback condi—

r tions. From the results of a transfer—of—training experiment Smod e (1958)

has argued that motivational feedback does facilitate the acquisition Ot

tracking skill. However Smode used concurrent , on— target feedback that

- would seemingly have helped to guide the subjects to the desired responses

- as well as to motivate them. The effects of motivation on the acquisition

F 
of tracking skill have been difficult to demonstrate (Bilodeau and Rilodeau

1961). Some appropriate motivation undoubtedly is essential to activate

I behavior and to focus attention on the task but increments in mot ivation

about a certain level apparently do not substantially facilitate learning

(Hulse , Deese , and Egeth , 1975).

- To be maximally effective feedback should both guide the subject ’s

- responses and be concurrent with them. This type of feedback could be

p
used within AT either as an adaptive variable or as a transfer variable

that is fixed at an optimal configuration during initial training in con—

1 junction with a schedule tha t adapts some non—feedback variable. Roth

types of schedules could prove to have a potent influence on skill

acquisition .

Parameters of the Adaptive Logic

I Adaptive training has been compared elsewhere to human l u i s t r u i r t l o n

of high—level subjects In which students are guided through sub—topics

l

v 

_ _ _  _ _ _ _ _ _ _ _ _ _ _  _ _ _
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of graded difficult y (McGrath and Harris , 1971). The analogy is appro-

priate in that the human instructor , by some casual or f orma l p rocess ,

wil l  determine the nember and size of steps in d i f f i c u l t y ,  and w i l l  in —

fluence the rate at which the student makes them . The stepping rate is

influenced by the acceptable performance standard set by the instructor

- and by the in t e rva l s  separat ing successive assessmeats of student per—

I formance. This ra te  wi l l  tend to be low if the s t u d e n t ’s pe r fo rmance

nust improve substantially before he is allowed to progress or if the

F summaries of his performanc e that determine whether he will be allowed

to advance or not are separated by long n tervals .  The parameter  tha t

- def ines size and number of steps and the two that define the stepping

I 
rate are explicitly programmed into the adaptive logic as the step

size , the perfc’rmance limits , and the performance measurement interval.

Al though the analogy between human and automatic adaptive instruc-

tion has been used to support the validity of AT (Kelley , l969h) , it is

considered here as no more than an illustration . Its p a r t i c u l a r  value

in that role is that it c la r i f ies  the quest ions that shou ld be asked

abou t the adaptive logic. Wha t are the optima l size and number of in-.

1 crerients in d i f f i c u l t y? How frequently should the trainee he assessed

and how well should he be expected to perform before he is allowed to

advance? Should he be allowed to return to eisier versions of the

task if his performance deteriorates below some minimum standard?

Although these questions have been Inadequately investigated , t hey

[ are important enough for their implica tions to be examined .

II
I
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The number and size of steps in difficulty has ranged from a few

I large steps (e.g. Lowes et a]., 1968) to many srrall steps (e.g. Crooks,

1973) . Norman et al .  (1972) compared condi t ions  wi th  many smal l  steps

I to those with few large steps by comparing au t omatic and manua l adapta-

tions. A manual group with adapting system order did not perform as

well as the relevant automatic group , and other non—reliable trends

[ 
for their forcing function and their combination gain/lag adaptations

favored the automatic groups. In support of these observations, trans—

fer theory suggests that steps above a critical size are not optimal .

• Holding (1976) has noted the high probability of negative transfer

with all but very small changes in response requirements where the

I 
stimulus is essentially unchanged . In addition the principles he

outlines suggest that positive transfer will be small if nerceptual

and feedback variables are changed substantially . Thus transfer

• theory does suggest that the step size can be too large, but does not

indicate its critical size for any variable. These values will Un-

IT doubtedly have to be determined empirically.

- 
The ste~ ring rate is influenced by the performance limits that

determine whether the trainee will advance and by the performance

- measurement interval. By an earlier stated principle that repetition

I is es8ential to establish all but the most trivial responses, stepping

U rate should be low enough for the trainee to repetitively practice

each of the skill segments along the easy—to—difficult dimension .

I [ 
However a very low stepping rate could force the trainee to practice

some of the skill segments for an unnecessarily long time .
r

____ -. • • • ---- - -  - -~~~~~—-. -~-----~~~ -~~~~
.
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Unfortunately it is d i f f i c u l t  to t r ans la t e  th i s  concep tua l  arg o—

ment into specif ic  values for  the adapt ive logic. Empir ica l  t e s t s  of

the variations in performance limits (Bancroft and Duva 1969; Crooks,

1973) have not produced reliable differences between the experimenta l

cond itions. Presumably a performance standard tha t approximates tha t

required in the operational situation will be advantageous in that

it is more l ikely  to encourage the appropria te response h ab it s and

strategies. If this criterion is accepted for establishing perform—

I ance standards, the freedom to establish an optimum stepoing rate lies

- - in varying the performance measurement interval. Only Norman (1973)

• has tested this parameter , but methodological problems with his

F 
experiment makes his data difficult to interpret. At present there

- are no clear principles to determine the optimal stepping rate so that ,

F within operationa l AT systems , i t  w i l l  have to be established by t r i a l

and error.

El The final question related to the adaptive logic is whether trainees

whose performance temporarily deteriorates should be allowed to return

to easier segments of the adaptive schedule. There seems to be no

I ~ theoretical argument that bears directly on this issue. One empirical

test (Crooks, 1973) has shown tha t trainees who were not permitted to

IL return to easier versions of the task learned more e f f i c e n t ly  than  a

comparable adap tive group that was. Note however, that the non—return-

ing schedule was not more efficient than a nonadaptive schedule and the

I adaptive variable was the system order manipulation that has been $ .. •

criticized earlier in this review. Therefore the relevance of this

1 result is deba table. 

- - ___-- - ---— - - - •~~~~~~~~ -
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Any or ill of these parameters of the adaptive logic could affect

I the €~~ficiencv of AT. Further research must be undertaken to establish

optima l values , and to derive principles for determining them in ad-

[ vance if AT procedures are to approach their potential effectiveness.

Cri terion Task Difficulty

Adap tive training could be useful for two distinc t applications.

[ The f i r s t  is one in which the cr i ter ion task can he learned under  FT ,

but the use of AT speeds the process. This is consistent with the

assumption that control tasks can be learned more efficiently if they

[ 
are presented at an optimum level of difficulty (Kelley, l969h) . In

an alternate application , AT could enable operators to learn a control

I 
task that is too difficult to learn under FT.

- Gaines (l967a) has suggested that some tasks can he so far  beyond

- the curren t skill of the trainee that even extended fixed practice

• does not permit  him to improve. This might happen if the task was so

difficult tha t the operator was out of control thr -ughout th~ t r a i n i n g

1- period . Practice with an approprate easier task, as in an adaptive

schedule , might help the trainee develop skills tha t would transfer to

• the criterion task, thereby bringing it within the trainee ’s adapt!ve

skill range. This application of AT would allow an operator to achieve

a level of proficiency that he could not attain under FT, while the f i r s ’

[ application would not gain any ..advantage over FT in fina l level of

I ~~~~ 
-

I 

-
- -- 

- -.-- •- --- -
~~~~ 

-

~~~~~~~~ 
-I- -



I
L

I’ — 56—

• performance , but would help the trainee attain that level more

- e f f i c i e n t ly .

The effectiveness of AT for these two applications should be

[ tested with sli ghtl y different experimental designs. To show that

I 
AT Is more eff icient than FT for  achieving a c r i t e r i o n  performance ,

suble ts should be trained to that criterion and the time taken to

I 
achieve i t  $uId he c ompared . This type of design was appropriate

for $~ 1 of t~~$ AT experiments that have been reviewed because the

I experl.ent.uI t - u ~drs iiid  be learned under fixed schedules. However

F o n l y  ~~~~ (1q73), Norman et 
~j.. 

( 19 7 2 ) ,  and Norman (1973) trained

I ~ their subjects to criterion . Others examined training or transfer

t a s k performance after a set amount of training . The dang r of this

approach Is most clearly illustrated in the report by Bancroft and

I Duva (1969). Sublects in that experiment practiced for so long that

even the slowest learning groups had attained maximum performance well

before the end of the training trials. Therefore the transfer test

could not have ben expected to reveal differences due to training

methods. This design would have been appropriate if a task tha t was

too difficult to learn under FT had been used. The extended training

time should have provided ample opportunity for the subjects to improve

t as much as each of the fixed and adaptive schedules would allow.

I 
Diiferences between adapted and fixed groups at the end of training

or on the transfer task would attest to the relative merits of the

f different training methods for tha t task. ~
.•• -
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Adaptive training researchers have hitherto seemingly fai l ed to

discriminate the application of AT to control tasks that can be learned

under FT and those that cannot. As the choice of the experimental de—

sign is related to this issue, it is important to distinguish the two

types of task. Non—optimal experimental designs can provide important

information , as some in AT have done (e.g. Gaines, l967b; Smith et al ,,

1 
1974) but the information is devalued to the extent that the expert—

- 
mental design departs from optimality. Future AT research could bene—

fit appreciably from greater awareness of this problem .

ADDITIONAL CONCERNS

Ii 
_______________________________________________________Dimensiona1i~y of Performance Measures

Experimentatior’ with adaptive techniques has been dominated by

tracking tasks. The most popular performance measure in this

F task is RMS tracking error. The study by Gopher et al. (1975) has

ç called attention to the fact that composite error scores on a multi-

dimensional or high—order tracking task may not reflect a und imenslonal

11 
ability factor of the trainee. In this study, with a two dimensional

pursuit tracking task, the vertical axis was clearly inferior to the
(1
I! horizontal axis as a result of reduced stimulus—response compatibility

k 
on that axis. Training on the vertical axi8 progressed at a slower

rate even after each axis was equated for difficulty. These findings

( suggest that the employment of a composite error score , such as vector

I

_ _ _ _ _ _ _  
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- 
error , or average RMS, will create a sub—optimal adaptive procedure ,

I because the rate of progress will be too slow on the easy axis and too

- fast on the difficult one. in more general terms it can be argued tha t ,

for multidimensional tasks where dimensions are not ‘losely related and

do not symetrically covary with task difficulty, separate performance

measures or an appropriate weighting function should be developed te

assure proper adaptive sequencing on each dimension.

I 
- Changing the Adaptive Equation

Adaptive adjustments are assumed to continuously reciprocate the

progress of learning. Once the adaptive variable and the performance

- 
measure are defined the relationship between them is formulated through

- the adaptive equation. In all AT studies reviewed in this paper only

one adaptive equation was employed throughout training . Thus It was

implicitly assumed that the relationships between AT variables remain

constant across the range of empirical values employed during training .

- 
This is a very powerful assumption that can be challenged .

11 An alternative suggestion is that an equal change in the adaptive

variable will have a different impact on task difficulty in early as

against late stages of training. That is, the relationship bes-ween

variables in the adaptive situation may change during the course of

- learning. This argument is supported by empirical reports of S—shaped

functions relating performance increments to time—on—task in many learn-

ing tasks. Fnployment of a single unchanging adaptive equation through-

out training may introduce a considerable amount of rigidity to the

I adaptive procress, thus detouring it from its optimum course. As none of AT 

- - _ _ _ _  _
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studies has addressed this issue, its possible relevance to the con-

struction of adaptive schedules cannot be evaluated . It may be advan-

tageous to construct two adaptive loops instead of one. The additional

loop would func tion as a higher level , supervisory loop that would moni-

tor the general progress of learning, and change if necessary , the

adaptive equat ion in accordance with some model of t raining . The pro—

granmiing and management of such double loop systems is well within the

capabil i t ies of the current computer aided ins t ruc t ion  (CAl) technology.

The literature is however , notably deficient of empirical work on this

type of system and further research is recommended .

The Role of the Instructor

As a final note, it may be worthwhile to address a misconception

that some AT researchers seem to have assimilated from naive thinking

about other instruc tional uses of computers. In a first rush of

enthusiasm some ardent supporters of CAl speculated on its potential

as a complete instructional system in which there would he no need for

I i  human instructors. CAT is often attacked on the basis of this view,

even though it does not generally hold a respectable position among

CAl personnel. It does however, seem to pervade the thinking of AT

researchers.

During the AT symposium reported by McGrath and Harris (1971),

conferees lauded the potential for automated instruction to supersede

r 
the human instruc tor. The expense and the inability of human instruc—

I
torn to react optimally in all situations were offered as reasons for

preferring fully automated training . CAL in all of Its various forms

- -  - - — ~~~~~~~~~~~~~~~~~~ -- -—• - -•--•.—~ -~~~~
- - ---



—60—

should be placed in a more balanced perspective. it has many specific

advantages , but none of them imply tha t the human should be designed

out of the instructional process. As advancing technology is making

a comp letely computerized ins t ruct ional  sys tem progressively more

feasible to implement , a brief defense of the human instructor ’s unique

- role seems t imely.

[ 
Role mode l l ing  is one process of i n s t r u c t i o n  tha t would  he neglec t-

ed in a fully computerized instructional system. Carkhuff (1971) has

noted that identification with a suitable role model substantiall y

influences behavior . He further believes that modelling is the most

• critical source of learning in any training program and that the trainer

is the key model. What behavior is modified by the m o d e l l i n g process

depends on its availability , its func tional value, and the attractive—

ness of the model (Secord and Backinan, 1974). Mere exposure to the

- standards of others is apparently sufficient , in some circumstances ,

L to modify behavior (Longstreth , 1968). The negative consequen (-es of

identifying with machines, alluded to by Erlksen (1963), further supports

the notion that CAT can be detrimental if it is permitted to dominate

the instructiona l process.

} Optimally, CAl can relieve the instructor of spe c i f i c  tasks tha t

I
I- are tedious or difficult so that he may devote his energy to the uniquely

human aspects of instruction , but it cannt t provide a total educational

experience. Properly validated AT procedures could substantially improve

I training efficiency , but should be considered only as one e f f e c t i v e  t r a i n —

ing aid tha t the skillful instructor can use in conjunction with other [4
- I available training aids. •

I 
____________ 
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I

A l t h o u g h a d a p t i v e  t r a i n i n g  has g e n e r a l l y been accepted w i t h i n  e n g i—

- neering psychology and in some app lied settings , there are few data to

a t t e s t  to i ts advantages for  teaching veh icu la r  c o n t r o l  s k i l l s .  Re—

search has suffered primaril y from methodological difficulties and from

lim ited conceptualization of the many face ts of the adap ti ve parad igm .

In spite of our genera l ly  nega t ive  view of much AT research , o ther motor

skill theory and research and a few AT experiments indicate the the

method could be useful. This review has established a conceptual frame—

work for AT to guide the future research that is essential to test and

develop the method .

In particular , the choice of the adaptive variable bears on the

likely success of the training manipulation . However the ~t~oice 01

• adaptive manipulations generally has not been justified and often seems

to have been a matter of convenience. Researchers rarely have dig— —

criminated between difficulty manipulations in general and those that

cart be expected to facilitate skill acquistion . Response manipulations

have been popular but both theory and data suggest that they will dis-

rupt rather than facilitate skill acquisition . The data related to

perceptual mani pula t ions  are only slightl y more encouraging but a

theoretical analysis suggested that appropriate perceptua l manipulations

could be effective . The perceptual manipulations that allow practice

with task segments that are im portant in the performance of the whole j~~
.

task are likely to be most effective The data related to fe~db.~ck
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variables were promising . Adaptations that initially decreased the

I 
difficulty of the criterion task with concurrent off-target augmented—

feedback that guided the trainee towards the correct response Ii;t~~~ been

I tested successfully. Contemporary theories and substantial skill

- acquisition data support the confidence in this type of manipulation.

• Parameters of the adaptive logic were examined for their influence

I on skill acquisition . These parameters have not been adequately re—

searched , al though some observations were based on theory and limited

data. Transfer theory indicates that step size of the diffi cult y

• manipula t ion  can be too large , but it was not possible to estimate the

cr i t i ca l  s i ze .  Stepping rate  is inf luenced bo th by the perf ormance

I ‘ limi ts that determine whether a student can advance in the adaptive

schedule and the performance measurement i n t e rv a l .  This r a t e  should

be established by balancing the competing demands of moving the trainee

through the adaptive schedule as economically as possible and of allow-

ing him sufficient time to learn the relevant skills at each of the

steps. Although there are no compelling princ iples for choosing any

specific values, performance Limits that approximate those that are

relevant in the operational situation should encourage appropriate

response habits and strategies. Optimum performance measurement

1 intervals are probably specific to each situation and at this stage

at least will have to be determined empirically.

Criterion task difficulty is another aspect that has received

I sparse attention within the exper imental I Iterat mire . Two t ypi , of tasks

I 
were identified in this review; those tha t could he lea rned under  non-

adaptive schedules but would be learned more efficiently under adaptive

_ _ _  
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sched u les , and those that were so difficult tha t they could not he learn-

ed under any thing but an adaptive schedule. The distinction is important

because it demands slightl y different experimental tests. The test

for the former situation should be designed to show that one of the

schedules  leads to c r i t e r i o n  performance more q u i c k l y  than  the  o the r ,

while the test of the latter situation should allow the adaptive schedule

to demonstrate any performance advantage it may encourage after extended

t r a i n i n g .

10 conclus ion , a substantial body of research has not clearly demon-

strated the value of AT, nor has it clearly indicated that the techni que

is ineffective . To reasonably test it a far more comprehensive program

of research is required . Other motor skill theory and research suggest

t h a t  such a research program could  demons t ra te  b e n e f i t s  for AT. The

research approa~-~ outlined in this review could establish a worthwhile

data base from which the validity of AT as a training method could he

judged .

F
f T

• 1



— 6 4—

REFERENCES

Adam s, J. A. Part trainers. In Finch , G. ( E d . ) ,  Educat iona l and Train-

ing Media: A Symposium . Washing ton, D.C .: Nationa l Academy of

Science —— Na t iona l  Research Council , 1960.

Adams, J. A. Human tracking behavior. Psycho1qg~ça1 Bulletin , 1961 ,

58 , 55—79.

Ad ams, J. A. A closed loop theory of motor behavior. Journa1 .~L M ~ tor

Behav ior , 1971 , 3, 111—149.

Adams , J. A., Gop her , D. and Lintern , C . The effects of visual and

proprioceptive feedback on motor learning . Savoy, Ill .: University

of Illinois at Urbana—Champaign , Aviation Research Laboratory ,

Technical Repor t ARL—75—19/AFOSR—75—9 , 1975 .

Ammons, R. B., Ammons, C. H. and Morgan , R. I. Transfer of cratning in

a simple motor skill along a speed dimension. WADC Technical

Report No. 53—498, 1954.

Archer , E. J., Kent , C. W., and Mote , P • A. Effect of long—term practice

and time—on—target information feedback on a complex tracking task .

) Journal of Experimental Psycholoay, 1956, 56, 325-327.

Archer , E. J., and Nainikas, C. A. Pursuit rotor performance as a function

of dcl iv  i i i  I n f o r m a t i o n  feedback i’ll ~1 e i n n p l i x  F r ;iuk f o g  t a s k .  . loum rn a I

oI I . :xpirIuntntmI j’s y • u I ~~ y, I 9’ih , i l , I t )  i — I  I ~
‘.

_____________________________ 
_ _ _  - 

~~~~~~~



—65—

Armstrong , T. R. Feedback and perceptual—motor skill learning : A review

of information feedback and manual guidance training techniques.

Ann Arbor , M i c h . :  Un ive r s i t y  of Michigan , Puman ~erformanre Center ,

Techn ical Report 25 , 1970(a) .

Armstrong , T. R. Training for the production of memorized movement

patterns. Ann Arbor , Mich.: Universi ty of Michigan , Human Perform—

ance Center , Technical Report 26, 1970(b).

Bancrof t , N. R. and Duva, J. S. The effects of adaptive stepp ing cri terion

on t racking performance.  Orlando , Fla . :  Naval Training Device

Center , Technical Note NAVTRADEVCEN TN— 3 , 1969.

Bilodeau , E. A. and Bilodeau , I . McD . Variat ion of temporal intervals

among c r i t i ca l  events in five studies of knowledge of r e s u l t s .

Journa l of Experimental Psycho1og,~~ 1958 , 55 , 603—612.

Bilodeau , E. A. and Bilodeau , I. McD . Motor skills learning . Tn

F Farnswor th , P. R. (Ed.). Annual review of psycho~~~ y.~ Palo Al to:

Annual Reviews, Inc., 1961.

Bilodeau , E. A. and Ryan, F. J. A test for interac tion of delay of

knowledge of results and two types of interpolated activity .

Journal of Experimental Psycholo~y, 1960, 59 , 414—419.

Bilodeau , I. Mc!). Accuracy of a simple positioning response with varia—

II tion in the number of trials by which knowledge of results is

delayed . American Journal  of chol~~ y. 1956 , 69 , 4 34—437 .

__ - 

_ _



-66-

Bilodeau , I .  M c D . ,  and Rosenquist , H. S. Supp l emen ta ry  feedback in

ro ta ry—pursu i t  t racking . Journa l of Experimental Psychology, 1964,

68 , 53—57 .

- - 

I -
Boulter , L. R. Evaluation of mechanisms in delay of knowledge of results.

I Canad ian Journal  of Psychology, 1964 , 18 , 281—291 .

I Briggs, C. E. On the scheduling of training conditions for the acquisi-

tion and transfer of perceptual motor skill . Port Washington ,

- New York:  Naval Tra in ing  Devic e Center , Technical  Repor t

• NATRADEVCEN, 836—1 , 1961.

Brigga, C. E . ,  Fft ts, P. M. and Babrick , II. P. Transfer effects from a

single to a double integral tracking system . Journal oL E,~perimental

Psychology, 1958, 55 , 135—142.

Briggs. C. E. and Rockway, M. R.  Learning and performance as a func t ion

of the percentage of pursuit component in a tracking disp la y. Journa l

• 
of~~~~~~rimental  Psychology, 1966 , 71 , 165—16 9.

Carkhuff , R. R. The P~y~iopment of Human_Resources.  New York:  Hol t ,

Rinehart and Winston , 1971.

Caro , P. W. J r .  Adapt ive  Training - an application to flight simu latlon~

Human Factors, 1969 , 11, 569—575.

Crooks, W. H. Varied and fixed error limits in automated adaptive skill 
~~~~

•

training . Savoy, 111.: University of Illinois at Urbana-Champaign ,

L I Avi ation Research Lahoritorv , Technical Report ARI—7I—8/A FOSR— 73 .4 ,

1973.

I
- • - •• - ---.- •-— —•_______________________________________________ - —-—•  t



I

-67-

Day , ~‘ . H. Rela tive task difficult y and transfer of training in skilled

performance. Psychological Bulletin, 1956, 53 , 1 60—1 68.

Dooley, R. P. and Newton, J. M. Transf t of training between quickened

and unquickened displays. Per~~~~t mi ; i l a~ d Motor ~~j~~~~l1 , P)65 , 2 1 ,

1 
11—15.

Eisele , J. E . ,  Wi l l i ges , R.  C . ,  and Roscoe , S. N. The isolation of

- minimum sets of visual image cues sufficient for spatial orienta—

tion during aircraft landing approaches. Savoy , Ill .: Univer sity

• of I l lin o i s  at Urbana — Champaign , Aviation Research Laboratory ,

Technical  Report  ARL — 76 —l6 /O NR—76 — 3 , 1977.

- 1 Eriksen , F. H. Childhood and society (2nd ed) .  New York: Nor ton , 1963 .,

F i t t s , P. M. and Posner , M. I .  Human_Per fo rmance .  Belmont , C a l i f . :

Brooks/Cole , 1967.

Ii
Fleishman, E. A. Individual Differences and Motor Learning . In

Gagne, R. M. Learning and Individual Differences, Columbus , Ohio :

Charles E. Merrill , 1967.

- 
Frost , G. Man—machine dynamics. In Van Cot t, H. P. and Kincade , R.  C .

Human Engineering Guide to Eg4p~nent Desigfl. Washington , I). C . :

American Institute for Research, 1972.

Ca tnes, B. R. Teaching machines for perceptual motor skI 11 ~;. i n  I r w i n ,

,h~ D. and Leedham , J.  (eds .)  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ TImc’

proceedings of the programmed learning conference held it Loughboro.igh ,

15—18 April , 1966, l.ondon: Meuthen , 1967(a).

~~~~~~~
• I

- -

.
~~~~~~~~~ -

-—-- - - ------ ----- -.-- - ------
~~~~~

--
- 

- - -—  - - _ _ _  - -•- _ _ _ _



•1

4-i -68-

Gaines , B. R. Automated feedback trainers for perceptual—motor skills.

1 Cambr idge , England : Universi ty of Cambr idge, Final Report to

Mini stry of Defense, 1967 b.

I
Cilson , R. D. and Ventola , R. t2. Tactual. command s for pilot flare

training . Proceedings of t h e  T w e l f t h  Annual Conierence on Manua l

Contro l , Washington , D. C . :  Nat ional  Aeronau t i c~ and Space Admin i s—

tration , Technical Memorandum TM X—73 , 170, 1976.

I Golds te in , D . A. Linear q u i c k e n i n g  as  guidance  in t r a i n i n g  for  manual

con t ro l  of complex systems.  Cro ton , C o n n e c t i c u t :  Genera l  Dynamics

Corpora t ion , E l ec t r i c  Boat Div is ion , Technical  Repor t  V 4 l l — 6 1— 0 5 3 ,

1961.

Gopher , D. and Wickens , C. D. Tracking performance under t imesharing

c o n d i t i o n s  wi th  a d i g i t  processing task:  A feedback control theory

{ analysis. Proceedings of the Eleventh Annual Conference on Manual

Con trol , Washing ton , D. C.: NASA Technical Memorandum X— 62, 464 ,
U,

1975.

Gopher, D., Williges, B. H., Williges , R. C. and Damos, D. Varying the

type and number of adaptive variables In continuous tracking.

Journal  of Motor Behaviot , 1975 , 7, 159—170.

Gordon, N. B. Learning a motor task tinder varied display conditions .

I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1959 , 57 , 65-73.

I
I .

_ _ _ _ _ _ _ _ _ _ _ _ _  - • _ _ _ ___i___ _ ___
~

UT1 J ’



I
-69-

Gordon , N . B. Guidance  versus Ltugm ent ed feedback and m o t o r  s k i l l .

1 ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ 1968, L7~ 
24-30.

Gordon , N. B. and Gottlieb , M. J. Effec t of supplemental visua l cues

on rot -t ry pursuit. Journal of ~~~xo~ r ime .n t a1  Psyc~~~~~~y ,  1 967, V ,

566 , 568 .

Holding,  D . T r a n s f e r  between easy and diffi cult tasks. Br itish J ourna l

f~~~~ çIiology , 1962 , 53 , 397—402.

I
Holding , D. An approximate t r a n s f e r  su r face .  .Journa 1 of Motor Behavior ,

1976 , 8, 1—9.

Holland , J. C . and Henson , J. B. Transfer  of tra in ing be tween qu icken ed

- 

and unquickened tracking systems. Journa l of p j ç d Psyc~~j~~ v,

1956, 40 , 362—366.

L Hudson, E. M. An adaptive tracking s -t mulator. Brooklyn , New York: Otis

Elevator Company Defense and i n d u s t r ia l  d i v i s I o n , 1962.  -

ci
‘a Hudson , E. M. Adap tive training and non verbal behavior. Port

Washington , New York: Naval Training Device Center , Technical

- 
Report NAVTRADEVCEN 1395—1 , 1964.

S

Hulse , S. H.; Deese, J. and Egeth , H. The Psychology of Learning (4th

ed.), New York : McGraw Hill , 1975.

~ I 
K i r  I In , 1.. El I t e t ~~ of d e lay  and mode of p r e s en t a t i o n  of extra t iits on

ptirsu It—rotor performance. .Journcil of Kxycr!~~~~t a i J ltohi~y. V

A l

_ _ _ _  _ _

1965. 70, 438—440.

___________ _ _ _ _ _ _ _ _ _ _ _  ——  _ _ _ _ _  —



-70-

Karlin , L. and Mortimer , R. C. Effect of verbal , visua l , and aud itory

augmenting cues on learning a complex motor skill. Journa l of

~~perimenta1 Psychology, 1963, 65, 75—79.

Kelley, C. R. Design applications of adaptive (self—adjusting) simulators .

In Adaptive Simulation. Santa Monica , Calif.: Off ice of Nava l

Research , AD 637 658 , Dunlap and Associates , AD 637 658 , 1966.

Kelley , C. R. Manual and Automatic Control. New York: John Wiley and

Sons , Inc . , 1968.

Kelley , C. R. The measurement of tracking proficiency . Human Fac t~~r,~~~

1969, 11, 43—64 (a).

Kelley , C. R. What is adaptive t r a in ing? Human Factors, 1969, 11 , 547—

556 (b ) .

Kennedy, R. S., Wulf eck , J. W., Prosin , D. J., and Bur~ r~r. ii. 1. Effec t

of a predictor display of carrier landing performance. Point Mugu ,

Calif.: Naval Missile Center . Technical Publication , TP—74—46,

- 
~~

.. 1974.

Kinkade , R. C. A differential influence of augmented feedback on learn-

1mg and on performance. U. S. Air Force AMRL Technical Documentary

Report 63—12, 1963. -

Lavery , J. .1. The effec t of one—trial delay in knowledge of results on
~~~~

-
~~~~

J . - -

the acquisition and retention of a tossing skill. A rntricnii Jotirn;,1

~~ 
~~~~~~~~~ 

1 966, 77 , 417—643. f

_ _ _ _ _ _ _ _ _ _ _ _  

__ 

H



-71-

Lavery, J. .1. and Suddon , F. H. Retention of a simple motor skill as

a function of the number of trials by which KR Is delayed . Perc~ p~~ ;fl

and Motor Skills, 1962, 15, 231—237.

Levine, M. Transfer of tracking performance as a function of delay

between the control and display. Wright—Patterson Air Force Base,

Ohio : USAF Wright Air l)evelopment Center Technical Report 53-237 ,

1953.

Lincoln , R. S. Visual tracking III: The Instrumental dimension of motion

in relation to tracking accuracy. Journal of App lied Psychology,

1953, 37, 489—493.

Longstreth , L. E. Psychological development of the child. New York:

Ronald Press, 1968.

Lordahl , D. S. and Archer , E. J. Transfer effects on a rotary pui sult

task as a function of first task difficulty. Jouranl of Experim ental

[4 
Psychology, 1958, 56, 421—426.

Lowes, A. L.. Ellis, M. C., Norma n, D. A. and Mathenv, W. C. Improving

piloting skills in turbulent air using a self—adaptive technique

for a digital operational flight trainer. Orlando , FL: Nava l

Training Device Center , Technical Report NAVTR AD EVC FN 67-C-.0034—2,

[ 1968.

Matheny, W. C. and Norman , U. A. The LI fec t I Vt t Inir roust ali t I n  t rack—

ing behavior. Or lando , FL: Naval Training Device Center , Tec hnical

I Report NAVTRADEVCEN 67-L—0034—3, 1968.

1 
_ _  _ _ _ _ _ _  _ _ _- - - - - — - - _______________ — - ______________

-



1.

1 -72-

I McGrath , J. J. and Harris, D. H. (Eds.,) Adaptive Training . Savoy, IL:

- University of Illinois at Urbana—Champaign , Aviation Research

Laboratory , Aviation Research Monographs, 1971, 1(2).

I McGuigan , F . J. The effect of precision , delay and schedule of knowl—

[ edge of results on performance. Journal of Experimental Psycholo~y,

1967 , 75 , 566—568.

- 
Moore , R. and Goldiamond , I. Errorless establishment of visual  dis—

crimination using fading procedures. Journa l of the Experimental

Analysis of Behavior-, 1964, 7, 269—272.

Li
Norman, D. A. Adaptive training of manual control: Relation of adap-

tive scheme parameters to task parameters. Orlando, FL: Naval

Training Equipment Center , NAVTRAQUTPCEN 70—C—0218—1, 1973.

Norman , D. A., Loves , A. L. and Matheny, W. C. Adaptive training of

manual control: 1. Comparison of three adaptive var iables  and

three logic schemes. Orlando, FL: Naval Training Device Center ,

r Contract N6l339—69—C—0l56, Technical Report, NAVTRADEVCEN

69—C—0l56—l , 1972.

[ Pew , R. W. Human perceptual—motor performance. In Kantowitz, B. H.

E 
(Ed.), Human information processing: Tutorials in performance

and cognition. Hillsdale; New Jersey: Erlbaum , 1974.

I 
_ _ _ _ _ __ _ _ _ _

-
~~~~ ~~~~ 

-

Pou l ton, E. C. Tracking skill and ma _j ~~nt .,r~~l New Yo rk : Academic

Press , 1974.



I 1 —73—

Povenmire , H. K. and Roscoe , S. N. Incremental transfer effectiveness

I of a ground based general aviation trainer . Human Factor, 1973 ,

15, 534—542.

Rockway , M. R . The e f f e c t  of variations in cont ro l—disp lay  rat io and

f exponent ia l  time delay on tracking performance. IJSAF WADC Technical

- Repor t No. 54—618, 1954.

I
Rockway, M. R., Eckstrand , C. A. and Morgan , R. L. The effect of van —

I at ions  in cont ro l—display ra t io  during t r ans fe r  of t r a in in g  to a

low ratio. WADC Technical Report  No. 56—10 , 1956.

Roscoe, S. N. Man as a precious resource: The enhancement of human

effectiveness in air transport operations. Savoy, IL: University

of Illinois at Urbana—Champaign , Aviation Research Laboratory,

Technical Report ARL—74—6/AFOSR--74—4, 1974.

Roscoe, S. N., Elsele , J. E., and Bergman, C. A. Advanced integrated

aircraft displays and augmented flight control. Savoy, IL.:
(‘-

Aviation Research Laboratory, University of Illinois at Urbana—

Champaign, Technical Report ARL— 75—l2/ONR—75—2 , 1975.

Saltzman, I. J., Kanfer, F. H. and Greenspoon , J. Delay of r.?ward and

human motor learning. !~~hologica1 Reports, 1955, 5, 139—142.

I
Schmidt , R. A. A schema theory of discrete motor skill learning .

I Psychological Review , 1975, 82 , 225—260.

_ _ _ _ _ _ _  

_ _ _ _ _ _ _  _ _ _-  - ---__



I

r 1 —~~‘~—

Seashore , R.  H . ,  Underwood , B. J., Hous ton , R . ,  and Berk s, L. The Influ-

ence of knowledge of results on performance. In Underwood , B. 1.,

Experimental psycholpgy. New York : App leton—Century-Crofts , 1949.

Secord , P. F. and Backman , C. W. Social Psychology (2nd ed.), New York:

McGraw Hill , 1974.

Sheridan , T. B. and Ferrell , W. R. Man—Machine  Systems,  Cambridge , M a s s . :

MIT Press, 1974.

Sheldon , R. W. and Bjorklund , J. F. Pursuit rotor performance 1. Effects

of reinforcing the longer intervals of continuous tracking within

each t r i a l .  Alexander , V a . :  George Washington Univers i ty ,  Human

Resources Research Of f i ce , 1966.

Smi th , R. L., Pence , C. C., Queen, J. E., and Wulfeck, J. W. Effec t of

a predictor instrument on learning to land a simulated j e t  trainer.

Inglewood , Calif.: Dunlap and Associates , Inc., 1974.

Smode , A. F. Learning and performance in a tracking task under two

r levels of achievement motivation . Journal of Experimental l~~yçhologv ,

1958 , 56, 297—304.

Swets , J. A., Millman, S. H., Fletcher , W. F. and Green, D. M. Learning

I
to identify non—verbal sounds: An application of a computer as a

j teaching machine. Journal of the Acous t i ca l  Society of America ,

1 
1962, 34, 928—935.

- -1 1 
~~~~~~~~~~~~~~~~~~~ - I ~~~~~ (~Ij ITh~~’,~~~~~~~~~~~~~~~~~~~~~~~~~~~~



— 75—

Trowbridge , M. H. and Cason , H. An experimental study of Thorndike ’s

theory I f  learning. Journal of General ~~~~~~~~~~~~~ 1932 , ? , 245—

258 .

Wal ter , D., Rivers , L., King, A. D. and Hansen , D. N. Development of

a model for adaptive training via computer assisted instruction

utilizing regression analysis techniques . NAVTRADFVCEN Technical

Repor t N68—6—0071-2, 1970.

Welford , A. T. Fundamentals of skill. London : Meuthen and Co., 1968.

Wickens , C. D. Human tracking behavior. In Wolman B. B. (ed.) Inter-

national Encyclopedia of neurology, psychiatry, psychoan~~y~~ s and

psychology . New York: Van Nostrand Reinhold , 1976 .

Williams , A. C. and Briggs, C. E. On target versus off target infor-

mation and the acquir-ition of tracking skill. Journal of Experimental

~~~~~~~~~~ 1962, 64, 519—525 .

Williges , B. H. and Wil l iges , R .  C. Manual versus automat ic  adapt ive

skill training. Proceedings of the 5th Symposium on Psychology -In

the Air Force, Springfield , VA.: National Technical Information

Service, U. S. Department of Comaerce, 1976.

Wood, M. E. Continuously changing versus discrete changes of task

difficulty in the training of a complex perceptual motor sk I l l .

- [ 
In the Proceedings of the 77th Annual Convention of h American ~~ -

P~ychoj2zjcal
Associ.ltion , 1969

II



tjnc lassif led
$ E C 1J R IT~ C L A S S I F I C A T I O N  OF THIS  PAGE (W1,,n Data Ent.rr,t)

(~ZC~ .,.~~.,REPORT DOCUMENTATION7AGE READ IN STR UC T I ONS

I t R _______

BEFORE COMPLETING FORM

~~~~~~~~ 
~2. GOVT ACCESSI ON NO. 3 REC IPIENT S C A T A L O G  NUMBER

~~~~

- 
I T I T % ~~ (and Subilil.) - ___________

_________________ 
_________ 5. - -TY PE QF nsrsn i -s P~~~4OD COVERED

1N ADAPTIVE RAINING OF ~ERCEPTUAL 0TOR~~~

’

~~~~~~~~~~ \ /~~ j~flf~~~ ~~~~~~~~ 
~~( 

~/ 
ISSUES , R+SULTS AND ~~TURE ~~IREC~ 1ONS 

H ____________6. PERFORMING ORG REPORT NUMB
‘— ~~~~~—~~ --—--——- --.- -

7 A UT uOR (a) -..~--- ‘ ~ .~~~ bNT1~ A)!T ORdR ~~ 1T IiJUJIR (S)

- T~~avan/Lintern

~~ Haniel/Cophe7 
/

9 - PERFORPIING O R G A N I Z A T I O N  NAME AND ADDRESS 10. PROGRAM ELEMENT , PROJE CT , TA SK
A R E A  6 WORK UNIT NUMBERS

Avia tion Research Laboratory 
~~74~~ ~~~~~~~~~~~~~~~

Insti tute of Aviation
Universi ty of I l l ino is , Savoy ,  IL 61874 

~~ ~It ~~ / 3iI45~’I2~~~~~ PORT f l A T~~~CONTROLLING OFFICE NAME AND ADDRESS 

1 ~~ ~~~~ /
‘

Air Force Office of Scientific Research ______________________________
I3. MU GESBui ld ing  410

4 MONITORIN G AGENCY NAME B ADDRESS( II dill.rer.t Iron, Controlllná OffIce) 75.  ~~~~~~~~~~~~~~~~~~~~~~ 
7~~Bolling AFB , DC 20332 ____________________________

5. (of Uiia r.port)

Unclassified
ISa , DECLAS S I F ICA T IO N - ’ DOW NGRA DIN G

SCHE DULE

14. DISTRIBUTION S T A T E M E N T  (of if!. Raped ) 
-

Approved for public release: d i s t r ibu t ion  unl imited

1
77 .  DISTRIBUTION S T A T E M E N T  (of the ab.I,aci .nt.r .d In Block 20, Sf difI.r.nt from Report)

I5, S U P P L E M E NT A R Y  NOTES

19 . K!~Y W ORDS (Continu, on rev.,.. .Id . II n.c...ary and Identify by block numb.,)

Adap tive training Transfer of training
Perceptual motor skill Skill acquisition
Human factors
Motor skill theory

20 A S S T R A C T  (Cojii nur an r ivera.  sid. IS n.c...ary and Identify by block numb.,)

The
’
~daptive training research is described and evaluated . A critical[ examlnati6n of -t~~

’ various experiments reveals that there is less support
for the app l ication of adaptive manipulations to applied motor skill
training than is generally believed . Some apparently favorable experiments
have methodological and interpretive flaws that seriously weaken their
conclusions. Other experiments that provide tenable support have character-
istics that are unique in adaptive training research so that the generality -.-. - 

~~~~ 
~~~ - -

I ~e% FORM ~I JAN 73 i473 
/
~.....€oITION OF I NOV 69 IS OSSOLET E Unclassified

SECURITY CLASSIFICATION 0# THIS PAGE (Wtu.n S.f. Enfered)

~fi~~~71 
_ _ _  _ _ _  

—
~~~~~~ --  - - -~~—~~~~~---~~-~~~- —



— S

I Unclassified
SICUR ITY CLASS IF ICATION OP THIS PAOE(Wh w S.f. Fnt.r.d)

• 1
~-of their data is in doubt. -~

A The limitations of the data prevent a~~ firm conclusions being drawn
about the efficiency of adaptive training. However. a detailed analysis

- of motor skill theory and research indicates that som~ adaptive manipu-
lations cou ld he effective. Methodological and conceptual issues that
are c rit ical to successf ully tes ting those manipula tions are c lar i f ied
in a di .-;~- ussion of the adaptive training concept. ~In addi t ion , tha t
dis ussion out 1ines’~~evera1 emp ir ical  tes ts ~het r~~neeiied to enable

1.  a more effective ana l ysis of adaptive trnining~ -
- I - ~~~~. L1

[

11

U

-
- I

i i _________________U n c la s s i f i e d
S ECURITY C L A S S I F I C A T I O N  00 I 4 PA c,E(Whan Oat. Ent.r.d)

~4 
I-

- —-—— - ---— -- - .-- .--.-- - - - - - - -- -.-—-- — -~~- - - - . — —
—I---- -- -


